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Abstract—Hierarchical modulation (HM) is widely employed 5
across the telecommunication industry. The potential application 6
of the coded HM scheme in cooperative communications has 7
drawn much interest. In this paper, a twin-relay-aided triple-layer 8
cooperative communication system is proposed. The system amal- 9
gamates rate-1/2 TTCM, triple-layer HM-64QAM, and twin-layer 10
SPM-16QAM schemes in the context of cooperative communica- 11
tions. We have optimized the entire system based on the HM ratio 12
pair (R1,R 2), the superposition modulation (SPM) weighting 13
pair (α,β), and the positions of the two relays. The simulation 14
results show that our optimized system is capable of reliably 15
transmitting a triple-layer HM-64QAM signal with the aid of 16
two time slots at an average signal-to-noise ratio of 6.94 dB per 17
time slot. 18
Index Terms—Hierarchical modulation, superposition modula- 19
tion, turbo trellis-coded modulation, cooperative communication, 20
soft decoding and power efﬁciency. 21
I. INTRODUCTION 22
H
IERARCHICAL modulation (HM) constitutes an inte- 23
gral part of the DVB-T/-H standard [1], but it has also 24
been widely employed by the IT industry for upgrading diverse 25
telecommunication services [2], [3]. Compared to a system 26
using conventional modulation, the system employing HM has 27
a higher ﬂexibility, while maintaining backward compatibility. 28
Explicitly, both the original and the upgraded new services 29
may be combined by the HM scheme and broadcast to the 30
receivers without requiring any additional bandwidth. Although 31
the services is upgraded to a higher data rate, the original 32
devices are still supported by the upgraded broadcast system 33
without requiring software or hardware upgrade [4]. 34
HM has been developed for combining independent informa- 35
tion streams at bit-level layer by layer, which are then mapped 36
onto HM constellations. The information contained in different 37
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layers may also be demapped/detected separately. The general 38
performance of the HM scheme have been detailed in [5]–[8]. It 39
can be observed from the simulation results of [5], [6] that dif- 40
ferent layers in HM constellations receive different protection 41
levels. Consequently, the required received Signal-to-Noise Ra- 42
tio (SNRr) for receiving the layer with higher protection level 43
requires lower SNRr than that of the less protected layers. The 44
author of [9] employed HM in his system to provide unequal er- 45
ror protection (UEP) for the information contained in different 46
layers. It has drawn a lot of interests [10]–[15]. More speciﬁ- 47
cally, theauthors of[13],[14]invoked aHMscheme forprovid- 48
ing UEP for video and image encoding, where the information 49
bits are mapped to speciﬁc protection layers according to their 50
error-sensitivity-based priority. Moreover, the HM scheme has 51
also been combined with sophisticated channel coding schemes 52
in[13],[14],forprotectingthemostimportantinformation. The 53
simulation results of [13], [14] have shown that receiving the 54
information having the highest priority requires a lower SNRr 55
compared to conventional modulation schemes at a given target 56
BER performance. 57
A typical relay aided coded HM scheme was introduced 58
in [16], where Hausl and Hagenauer combined Turbo Coding 59
(TC) [17] with a HM scheme conceived for cooperative com- 60
munications, where the original signal sequence was broadcast 61
by the Source Node (SN) by ensuring that the layer with higher 62
protection may be received by the Destination Node (DN) 63
directly, while the less protected layer will be received and 64
retransmitted by the Relay Node (RN). However, the authors 65
of [16] only considered the speciﬁc scenario, when the position 66
of the RN is right in the middle of the SN-DN path and invoked 67
a speciﬁc bit-to-symbol mapping scheme. The performance of 68
the coded HM schemes was then further discussed in [18]– 69
[21] in the context of cooperative communications, where the 70
common choice is to employ multiple encoders at the SN and 71
combine all the coded bit sequences layer-by-layer to create a 72
HM signal sequence. Again, the less well-protected layers are 73
assisted by the RN of the cooperative network. 74
The bit-to-symbol mapping optimization of the HM scheme 75
was considered in [20], [22]. More speciﬁcally, by appropri- 76
ately designing the constellation mapping, the HM scheme 77
is capable of enhancing the protection of the higher-priority 78
information at the expense of providing a weaker protection for 79
the other layers. In [21], the speciﬁc position of the RN was 80
explicitly considered in the BER analysis. For a speciﬁc coded 81
HM scheme aided system, the receive power at the RN should 82
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be sufﬁciently high for guaranteeing that the RN becomes 83
capable of receiving the information in the lower protected 84
layer with an acceptable integrity. Therefore, the position of the 85
RN may inﬂuence the power allocation of the entire system. 86
Several parameters have to be taken into consideration, when 87
optimizing a coded HM aided cooperative communication sys- 88
tem. On one hand, distorting the HM constellation for the 89
sake of improving the BER of its high-priority layers at the 90
detriment of its low-priority layers degrades its average BER, 91
compared to conventional modulation schemes. On the other 92
hand, sophisticated channel coding schemes, such as Trellis- 93
Coded Modulation (TCM), Turbo Trellis-Coded Modulation 94
(TTCM) and Bit-Interleaved Coded Modulation (BICM) [17], 95
[23]–[25] are required for protecting each HM layer at the 96
expense of an increased complexity. Hence, giving cognizance 97
both to the complexity and to the power efﬁciency of the 98
overall system, while maintaining its ﬂexibility becomes a 99
challenging task. 100
In [26], a cooperative communication system assisted by 101
a TTCM based HM-16QAM scheme was proposed, where 102
we proposed the optimum constellation mapping for the 103
HM-16QAM scheme in the context of single RN aided coop- 104
erative communications. However, the position of the RN was 105
ﬁxed to be right in the middle of the SN-DN path. Hence, the 106
scheme of [26] was suboptimal, because its power allocation 107
was suboptimal. Against this background, in this treatise we in- 108
trinsically amalgamate HM, Superposition Modulation (SPM) 109
[27] and TTCM for creating an attractive cooperative commu- 110
nication system. Our goal is to increase the time-efﬁciency and 111
reduce the total power consumption of the entire system, while 112
maintaining a low complexity. This cooperative communication 113
system model may be readily used for assisting multilayer 114
video transmission for example [13], [28] or for multilayer 115
image transmission [14]. We exploit the idealized simplifying 116
assumption that the system beneﬁts from perfect Channel State 117
Information (CSI), including both the fading and path-loss. 118
Hence, according to the receiver’s SNR, we are capable of 119
determining the transmission power required at the transmitter, 120
whichwedeﬁnedasthetransmitSNR(SNRt).1.Weproposeda 121
Turbo Trellis-Coded Hierarchical Modulation (TTCHM) aided 122
twin-relay based cooperative communication scheme, where 123
three rate-1/2 TTCM encoders are employed at the SN for 124
constructing a 64QAM-based triple-layer HM scheme. The 125
TTCM scheme detailed in [17] has a better performance for 126
transmission over Rayleigh fading channels than other joint 127
coding and modulation schemes, such as TCM and BICM. 128
An excellent performance can be attained by TTCM without 129
expanding the bandwidth. A rate-k/(k + 1) TTCM scheme can 130
be used for protecting a k-bit HM layer by expanding the 131
number of constellation points from 2k to 2k+1. We considered 132
k =1in this contribution. 133
Depending on the speciﬁc symbol-to-bit demapping arrange- 134
ment of the HM scheme, different HM layers have different 135
1The deﬁnition of transmit SNR was proposed in [29], which is convenient
for simplifying the discussions, although this is not a physically measurable
quantity, because it relates the power at the transmitter to the noise at the
receivers.
protections. Explicitly, the information in the higher-protection 136
layers may require a lower SNRr at the DN than that of 137
the information in the lower-protection layers. Hence, when 138
the SN transmits a multi-layer HM signal in our cooperative 139
communication network, the SNRt at the SN (SNRSN
t ) may 140
be reduced to the minimum value that can ‘just’ guarantee the 141
successful detection of the base layer (highest priority) of the 142
HM signal at the DN. By contrast, the information in the lower 143
priority layers may be received and retransmitted by the RN. 144
Since we proposed a triple-layer HM scheme, two RNs are 145
activated for retransmitting the information of the two lower 146
layers. More speciﬁcally, a linear SPM scheme is employed 147
by the two RNs for simultaneously transmitting the two signal 148
frames to the DN during the second time slot (TS). Hence, two 149
TSs are required for the transmission of all the three layers from 150
the SN to the DN. Since the transmissions between the SN and 151
RN (or RN and DN) only deal with a single 4QAM layer of 152
the triple-layer HM-64QAM signals, the decoding complexity 153
imposed on the two RNs (and DN) is reduced. Moreover, the 154
SNRt at the RN (SNRRN
t ) can also be minimized, because 155
both RNs will only retransmit using 4QAM. If only one RN is 156
available for assisting the transmissions, the RN would have to 157
detect both enhancement layers from the HM-64QAM signals. 158
The position of this RN would be near to the SN and the 159
transmission between the RN and the DN will be based on 160
16QAM modulation. This would require a high SNRt due to 161
the transmission of a higher-order modulation scheme over 162
a longer distance. Due to the ﬂexibility of HM, the lowest- 163
protection layer that contains the least important information 164
can be discarded in the adverse situation, when none of the 165
RNs is capable of detecting it. Nonetheless, the DN can still 166
receive the pair of more important layers of the HM-64QAM. 167
We found that apart from reducing the power dissipation of the 168
entiresystem,theprocessingcomplexity ofthetwin-relayaided 169
cooperative communication network may also be mitigated, 170
when an appropriate design is invoked. 171
The main contributions of this paper are as follows: 172
• A triple-layer HM-64QAM scheme is designed for aid- 173
ing a Decode-and-Forward (DF) based cooperative com- 174
munications, which involves intrinsically amalgamating 175
TTCM, HM and SPM schemes; 176
• Based on our Monte-Carlo simulations, a power-allocation 177
is conceived and it is demonstrated that the power con- 178
sumption of the entire system may be readily optimized by 179
relying on the related variables, namely by the HM-based 180
symbol-energy ratio pair (R1,R 2), by the SPM weighting 181
pair (α,β), and by the relay’s geographic position. 182
The rest of the paper is organized as follows. Section II intro- 183
duces both the system model and our cooperative communica- 184
tion strategy. The speciﬁc HM-64QAM mapping rule designed 185
for cooperative communication is detailed in Section III. The 186
protocol of the symbol-to-bit demapper of the HM symbols 187
is discussed in Section IV. The triple-layer TTCHM-64QAM 188
systemdesignisdetailedinSectionVandthesimulationresults 189
are displayed in Section VI, our conclusions and future research 190
ideas are discussed in Section VII. 191IEEE
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Fig. 1. The model of a two-relay cooperative system.
II. SYSTEM MODEL 192
Our TTCHM aided DF RN based cooperative communica- 193
tion system is illustrated in Fig. 1. During the ﬁrst transmission 194
TS, the SN will broadcast a sequence of TTCHM symbols {x1} 195
to RN1,R N 2 and DN. In the following TS, RN1 will transmit 196
a signal frame {x2} to the DN, another signal frame {x3} will 197
also be sent to the DN by the RN2 simultaneously. Again, the 198
entire system would require two TSs to convey the triple-layer 199
TTCHM-64QAM symbol based signal frame {x1} to DN. 200
We considered an uncorrelated Rayleigh ﬂat-fading channel, 201
both the transmitters and receivers were assumed to acquire 202
perfect CSI. During the ﬁrst TS, each symbol received by the 203
D Nm a yb ee x p r e s s e da s : 204
ySD =
 
GSDhSDx1 + nSD, (1)
where each of the symbols received by the RN1 and RN2 are: 205
ySR1 =
 
GSR1hSR1x1 + nSR1, (2)
ySR2 =
 
GSR2hSR2x1 + nSR2, (3)
where the subscript SD denotes the SN-DN link and the sub- 206
script SRk represents the SN − RNk link. By contrast, the 207
symbols received at the DN during the second TS, which are 208
sent by the two RNs, may be expressed as: 209
yRD = ρ1α
 
GR1DhR1Dx2 + ρ2β
 
GR2DhR2Dx3 + nRD,
(4)
where ρ1 and ρ2 are the pre-coding parameters and (α,β) is the 210
SPM ratio pair. The subscript RkD represents the RNk − DN 211
link. Additionally, the notations hSD, hSRk and hRkD denote 212
the complex-valued coefﬁcients of the uncorrelated Rayleigh 213
fading for the different links, nSD, nSRk and nRkD denote 214
the Additive White Gaussian Noise (AWGN) having a variance 215
of N0/2 per dimension. Moreover, the variables GSD, GSRk 216
and GRkD represent the Reduced-Distance-Related-Pathloss- 217
Reduction (RDRPLR) for each link, which we also refer to 218
as the path-gain [25], [29]–[31]. We consider an inverse-power 219
law based non-free-space path-loss model and naturally and we 220
deﬁne the path-loss exponent to be 3 which is usually used to 221
simulate the path-loss in urban areas [32]. The path-gain GSD 222
of the SD link is assumed to be unity. Therefore the path-gains 223
of the two SR links are: 224
GSRk =
 
dSD
dSRk
 3
, (5)
and similarly, the path-gains of the two RD links are: 225
GRkD =
 
dSD
dRkD
 3
, (6)
We assume that every node in the cooperative network has 226
perfect CSI. Hence, given a speciﬁc path-loss and a RN po- 227
sition, we may both compensate the effect of the path-loss as 228
well as that of the Rayleigh fading with the aid of transmit 229
pre-coding. Speciﬁcally, the ρ1 and ρ2 pre-coding parameters 230
should satisfy: 231
ρ1 =
h∗
R1D
|hR1D|
2  
GR1D
, (7)
ρ2 =
h∗
R2D
|hR2D|
2  
GR2D
. (8)
Hence, during the second TS, the signal received by the DN 232
may be written as: 233
yRD = αx2 + βx3 + nRD. (9)
In a realistic situation, there is always a path-loss between the 234
SN and DN, but in order to simplify the system model, we 235
normalized this path-loss to 0 dB. Hence the transmit power 236
at the SN (SNRSN
t ) would be identical to the power received 237
at the DN (SNRDN
r ). If the transmissions between the SN 238
and DN are on a frame-by-frame basis over an uncorrelated 239
Rayleigh fast fading channel, the average received SNR at DN 240
(SNRDN
r ) would be given by: 241
SNRDN
r = E
 
|h|2SNRt
 
= E
 
|h|
2
 
SNRSN
t , (10)
where the SNRSN
t is the transmit SNR deﬁned as the ratio of 242
the transmit power to the noise power at the DN: 243
SNRSN
t =
E
 
|x|2 
N0
=
1
N0
, (11)
where E(|x|2)=1 . Furthermore, the uncorrelated Rayleigh 244
fading coefﬁcient h is generated by the complex-valued Gaus- 245
sian distribution having a zero mean and a variance of one. 246
When the number of uncorrelated Rayleigh fading coefﬁcients 247
we generated is large, we have [33]: 248
E
 
|h|2 
=
1
N
N  
k=1
|hk|2 ≈ 1. (12)
Hence, for a large frame size of N symbols, we may as- 249
sume that SNRDN
r is equal to the SNRSN
t , or equivalently 250
SNRDN
r = SNRSN
t . 251
To be more speciﬁc, the information ﬂow of the entire system 252
is illustrated in the block diagram shown in Fig. 2. In our 253
system, the SN employs three rate-1/2 4QAM-TTCM encoders 254
and combines the three independent codeword sequences into 255
a HM signal stream. Thus, the signal frame {x1} is formed 256
by HM-64QAM symbols. When the transmit power at the 257
source is relatively low, the DN may opt for decoding only 258
the information from Encoder 1 during the ﬁrst TS, where the 259IEEE
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Fig. 2. The system diagram of a twin-relay HM and SPM aided cooperative system.
information contained in the other two layers would be decoded 260
and retransmitted by the RNs. In order to reduce the complexity 261
of the entire system, two RNs are activated for assisting the 262
transmissions and each of the two RNs is used for retransmit- 263
ting only one information layer of the triple-layer HM-64QAM 264
symbols. With aid of the pre-coding and SPM schemes, the two 265
RNs become capable of transmitting simultaneously. Hence, 266
the system now needs two TSs to complete its transmissions 267
between the SN and DN. More speciﬁcally, each RN will only 268
deal with a single layer of the triple-layer HM-64QAM scheme, 269
so the signal frames they transmit are all 4QAM symbol frames. 270
In this way, both the processing complexity of the entire system 271
and the transmit power of the RN is reduced. 272
III. HM AND SPM MODULATION SCHEMES 273
A. Triple Layer HM Scheme 274
Our triple-layer model of the HM-64QAM constellation seen 275
inFig. 3wasoriginallyintroduced in[26].SinceTTCMisused, 276
where the symbol-based decoder’s performance is determined 277
by the Symbol Error Rate (SER), hence set-partition based 278
mapping is invoked by the HM constellation instead of Gray 279
mapping. 280
We deﬁne the six bits in a HM-64QAM symbol as 281
(b5b4b3b2b1b0), where the base layer or ﬁrst layer (L1) is 282
occupied by (b5b4), (b3b2) belong to the second layer (L2) and 283
(b1b0) are contained in the third layer (L3). The generation rule 284
of the triple-layer HM-64QAM symbols may be expressed as: 285
SHM−64QAM = β
 
S4QAM ±
√
2δ1e± π
4 j ±
√
2δ2e± π
4 j
 
.
(13)
The parameter β is used for normalizing the average symbol 286
energy to unity, which given by β =1 /
 
1+2 δ2
1 +2 δ2
2. Fur- 287
thermore, the ratios R1 = d1/d0 and R2 = d3/d2 are deﬁned 288
for controlling the shape of the HM-64QAM constellations, as 289
shown in Fig. 3, where all the three parameters β, δ1 and δ2 will 290
be directly controlled by the HM ratio pair (R1,R 2) and their 291
relationship may be expressed as follows: 292
δ1 =
1
√
2(1 + R1)
, (14)
δ2 =
R1 − R2 √
2(1 + R1)(1 + R2)
. (15)
The constraint of the HM ratio pair (R1,R 2) in the simu- 293
lations are: 294
 
0 <R 2 <R 1 if R1 < 1
1
2(R1 − 1) <R 2 <R 1 if R1 > 1. (16)
The derivations of (14), (15) and (16) are detailed in 295
Appendices A, B, C and D respectively. The entire 296
HM-64QAM constellation point arrangement is directly con- 297
trolled by the HM ratios R1 and R2. Upon increasing the 298
value of these two HM ratios, the constellation points in each 299
quadrant would move closer to each other. Hence it is necessary 300
to have a higher receive SNR at the RN (SNRRN
r ) in order 301
to adequately detect the information contained both in L2 as 302
well as in L3, but a lower SNRDN
r is necessitated for detecting 303
the two bits in L1. Our design-goal is to ﬁnd the optimum 304
HM ratios and RN position based on a given SNRSN
t . 305
B. Twin Layer SPM Scheme 306
The twin layer SPM scheme is detailed in [34], where we 307
observe from this (9) that the reception of the signal at the DN 308
is identical to that of detecting a twin-layer linear SPM signal 309
received over AWGN channels. Note that the performance of a 310
speciﬁc modulation scheme in the AWGN channel is directly 311
determined by the Euclidean distance among the constellation 312
points. The relationship between α and β is given by [34]: 313
α2 + β2 =1 . (17)IEEE
Proof
SUN et al.: DECODE-AND-FORWARD COOPERATION-AIDED TRIPLE-LAYER TURBO TRELLIS-CODED HM 5
Fig. 3. The constellation map of the triple-layer HM-64QAM scheme, where R1 = d1/d0, R2 = d3/d2.
If we only focus our attention on the relationship between the 314
Euclidean distance dmin and α,w eh a v e : 315
dmin=
⎧
⎨
⎩
1 √
2 min
 
2
√
1−α2,2(α−
√
1−α2)
   
α≥
 
1/2
 
1 √
2 min
 
2α,2(
√
1 − α2 − α)
   
α<
 
1/2
 .
(18)
Theoretically the largest Euclidean distance is achieved, 316
when α is
 
1/5 or
 
4/5. Hence, we anticipate that the 317
best performance of an uncoded twin-layer linear SPM scheme 318
would appear when α equals to
 
1/5 or
 
4/5. However, 319
when TTCM is used, it depends on dmin of the entire TTCM 320
set partitioning scheme [17]. 321
IV. DEMAPPER AND RN POSITION 322
In [34], we have discussed the receiving of the two signal 323
frames using SPM schemes, so in this section, we only focus 324
our attention on the receiving of the triple-layer TTCHM- 325
64QAM symbols. The symbol-to-bit Demapper block of Fig. 2 326
will produce a (N × M)-element Probability Density Func- 327
tion (PDF) matrix of receiving y given x(i) transmitted. 328
x(i) is the hypothetically transmitted M-ray symbol for i ∈ 329
{0,1,···,M− 1} and the element in the matrix is p(y|x(i)), 330
which is the soft-input to the TTCM decoder, N is the number 331
of symbols in a transmission block. The general equation of 332
calculating the PDF of receiving y, given that x(i) is transmitted 333
may be expressed as: 334
p
 
y|x(i)
 
=
1
πN0
exp
⎛
⎜
⎝−
   
 y −
√
Ghx(i)
   
 
2
N0
⎞
⎟
⎠
×i ∈{ 0,1,...,M− 1}, (19)
where h is the fading coefﬁcient and G is the path-gain. 335
A. L1 Detection at DN 336
The DN of Fig. 2 will demap the HM-64QAM signal frames 337
received from the SN as 4QAM symbols for detecting the 338IEEE
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information contained in the base layer of the triple-layer 339
HM-64QAM constellation. According to the HM-64QAM gen- 340
eration rule of (13), (19) may be rewritten as: 341
p
 
ySD|x(i)
 
=
1
πN0
exp
 
−
   ySD −
√
GSDhSDx(i)   2
N0
 
×x(i) ∈
 
βejπ/4,βe j3π/4,βe j−3π/4,βe j−π/4
 
, (20)
w h e r ew eh a v ei ∈{ 0,1,2,3}. 342
B. L2 Detection at RN1 343
The information output of Encoder 2 in Fig. 2 is mapped 344
onto L2, RN1 will demap the received signal frame x1 as the 345
HM-16QAM symbols shown in Fig. 3 and will obtain the joint 346
symbol probability of L1 and L2 in the HM-64QAM symbol 347
streams for producing a (N × 16)-element PDF matrix. Then, 348
the Log Likelihood Ratio (LLR) converter 1 of Fig. 2, will 349
extract the PDF of L2 from the (N × 16)-element PDF matrix. 350
Therefore, RN1 can decode L2 even when L1 is received 351
with errors. When demapping the HM-64QAM symbol as 352
HM-16QAM, (19) may be reformulated as: 353
p
 
ySR1|x(i)
 
=
1
πN0
exp
 
−
   ySR1 −
 
GSR1hSR1x(i)   2
N0
 
×x(i) ∈
 
β
 
S4QAM ±
√
2δ1e± π
4 j
  
, (21)
where i ∈{ 0,1,···,15}. The HM-16QAM constellation 354
points of x(i) are shown as hollow circles in Fig. 3. We deﬁned 355
L
(0)
2 as the pair of bits (00) in L2, L
(1)
2 as (01), L
(2)
2 (10) and 356
ﬁnally L
(3)
2 for (11), where the corresponding generation rule is 357
given by: 358
p
 
ySR1|L
(l)
2
 
= p
 
ySR1|x(l)
 
+ p
 
ySR1|x(l+4)
 
+p
 
ySR1|x(l+8)
 
+ p
 
ySR1|x(l+12)
 
, (22)
where l ∈{ 0,1,2,3}. The input PDF matrix of Decoder 2 is 359
formulated in (22). 360
C. L3 Detection at RN2 361
RN2 requires the highest receive power, because it has to 362
convey the information of L3. In order to receive L3, RN2 has 363
to fully demap the whole HM-64QAM symbol stream. Hence 364
(19) may be represented as: 365
p
 
ySR2|x(i)
 
=
1
πN0
exp
 
−
   ySR2 −
 
GSR2hSR2x(i)   2
N0
 
×x(i) ∈
 
β
 
S4QAM ±
√
2δ1e± π
4 j ±
√
2δ2e± π
4 j
  
, (23)
where i ∈{ 0,1,···,63}.L e tL
(0)
3 denote the pair of bits (00) 366
in L3, L
(1)
3 represent (01), L
(3)
2 (10) and ﬁnally L
(3)
3 for (11). 367
Then the LLR converter 2 of Fig. 2 may produce the PDF of L3 368
according to: 369
p
 
ySR2|L
(l)
3
 
=
15  
k=0
p
 
ySR1|x(i=4k+l)
 
, (24)
where l ∈{ 0,1,2,3}.T h e(N × 4)-element PDF matrix gen- 370
erated by the LLR converter 2 is then fed to Decoder 3 of RN2, 371
as seen in Fig. 2, for detecting L3. Furthermore, we consider 372
logarithmic probabilities, so that the approximate log MAP 373
algorithm [17] may be directly employed by the decoder block. 374
D. RN Position 375
In our simulations, the same rate-1/2 encoder is employed 376
for all three SN encoders. Hence we only focus our attention on 377
the speciﬁc SNR values for achieving a BER of 10−6. Multiple 378
values of the two HM ratios R1 and R2 had been tested. At 379
a given HM constellation ratio pair (R1,R 2), the minimum 380
receive SNR required SNRL1
r for decoding L1 at the DN, 381
SNRL2
r for receive L2 at the RN1 and SNRL3
r for receiving 382
L3 at RN2 may be computed. The SNR differences among the 383
three layers are: 384
G
L1,L2
SNR =SNRL2
r − SNRL1
r [dB], (25)
G
L1,L3
SNR =SNRL3
r − SNRL1
r [dB], (26)
where, G
L1,Lj
SNR is the SNR difference between SNRL1
r and 385
SNR
Lj
r ,f o rj ∈{ 2,3}. If we set SNRSN
t to be identical to the 386
SNR required for receiving L1 from the HM-64QAM symbol, 387
namely to SNRSN
t = SNRL1
r , this would guarantee that the 388
BER of decoding L1 would reach an arbitrarily low value. In 389
this situation, if we want the BER performance of receiving 390
L2 to become sufﬁciently low, the channel gain GSR1 of the 391
SN − RN1 link should satisfy: 392
10log10 GSR1 + SNRL1
r = SNRL2
r . (27)
If we use the distance-ratio dSR1/dSD to represent the position 393
of the RN, we arrive at: 394
G
L1,L2
SNR =1 0l o g 10
 
dSD
dSR1
 3
, (28)
where G
L1,L2
SNR is given by (25) and hence we have: 395
dSR1
dSD
=1 0 −
G
L1,L2
SNR
30 . (29)
Similarly, the position of RN2 is related to: 396
dSR2
dSD
=1 0 −
G
L1,L3
SNR
30 . (30)
V. T RIPLE-LAYER TTCHM-64QAM COOPERATIVE 397
SYSTEM DESIGN 398
In practice we do not have any control over the position of 399
mobile relays, but the relay-selection algorithm would appoint 400IEEE
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Fig. 4. The BER versus SNR performance of receiving a single signal
sequence with SPM ratio α in the twin layer SPM schemes. Both of the
two signal sequences are encoded by rate-1/2 TTCM encoder. The number of
iterations of the rate-1/2 TTCM decoder is ζ =4 , the block size is η =1 2 ,000
symbols and the channel is uncorrelated Rayleigh fading channel.
a relay close to the optimum location. In this section, we will 401
optimize this practical system regarding the position of the RN, 402
as well as the HM ratio pair (R1,R 2) and the SPM weighting 403
pair (α,β). Additionally, in this investigation, the simulations 404
are carried out by IT++and the number of iterations of our 405
rate-1/2 TTCM decoder is ζ =4 , the block size is η =1 2 ,000 406
symbols. Using a large number of iterations allows the TTCM 407
decoder to more closely approach capacity and a large block 408
length assists in avoiding error propagation, but also imposes 409
an increased complexity. In the simulations, we observed that 410
no substantial BER performance improvement is achieved for 411
more than four iterations (ζ>4) or for a block size of η> 412
12,000 symbols. 413
A. Optimum SPM Ratio 414
In our simulations, the pair of signal sequences received from 415
RN1 and RN2 will be multiplied by a speciﬁc SPM ratio α or 416
β and be received by the DN simultaneously. Here, we only 417
focus our attention on the performance of receiving a single 418
signal sequence having a SPM ratio α in the simulations and 419
the related results are shown in Fig. 4(a) and Fig. 4(b). 420
From the combined signal sequences, we set the signal asso- 421
ciated with a larger SPM ratio α to be the dominant signal and 422
the signal with a smaller SPM ratio β to be the auxiliary signal. 423
Fig. 5. The SNRr versus SPM ratio performance of receiving a single signal
sequence with SPM ratio α in the twin layer SPM schemes. Both of the
two signal sequences are encoded by rate-1/2 TTCM encoder. The number
of iterations of the rate-1/2 TTCM decoder is ζ =4 , the block size is η =
12,000 symbols and the channel is uncorrelated Rayleigh fading channel.
The SNRr here is the required receive SNRr for achieving a performance of
BER =1 0 −6.
Based on the simulation results of Fig. 4(a) and Fig. 4(b), we 424
may observe that as expected, for the dominant signal, a larger 425
SPM ratio would result in a better BER performance. However, 426
for the auxiliary signal, the best BER performance appears at 427
the SPM ratio of 0.45 (
 
1/5 ≈ 0.45) or 0.5. We have found 428
from our simulations the SNRr value required for achieving 429
BER =1 0 −6 for different values of the SPM ratio α,a ss h o w n430
in Fig. 5. Note that 0.7071 (
 
1/2 ≈ 0.7071) is a bound, where 431
we have α = β =
 
1/2, which would collapse the 16-point 432
constellation to a 9-point constellation making unambiguous 433
decoding to be impossible. Fig. 5 shows that when α =0 .5,t h e434
SNRr required for receiving the auxiliary signal from the SPM- 435
16QAM signal is about 10.31 dB which is the lowest value of 436
receiving the auxiliary signal. Meanwhile, when α =0 .5,t h e437
corresponding SPM ratio β will be
√
1 − α2 ≈ 0.87, and the 438
SNRr requiredforreceivingthedominantsignalfromtheSPM- 439
16QAM signal using β =0 .87 is about 5.74 dB. Hence, based 440
on the results of Fig. 5, we ﬁnd that the optimum SPM ratio pair 441
is (α =0 .87,β =0 .5) (we assume α>βin this paper). In this 442
combination, the SNRr required for receiving the two signal 443
sequences is the lowest. Consequently, the SNRt required at the 444
two RNs would also be the lowest at the given RN positions. 445
B. SNRt of the Two RNs 446
In order to evaluate the power-efﬁciency of our cooperative 447
communications scheme, we have to calculate the average 448
SNRt(SNRt) deﬁned as the SNRt per TS. Based on the 449
statistics seen in Fig. 5, we opted for the SPM ratio pair of (α = 450
0.87,β =0 .5) and hence we have SNRDN
r =1 0 .31 dB. Next, 451
we have to ﬁnd the relationship among SNR
RN1
t ,S N R
RN2
t and 452
SNRDN
r . Let us denote the SNR by γ, which is expressed as 453
10log10(γ) in dB. Furthermore, since L2 of the triple-layer 454
HM-64QAM symbols has a higher priority than that of L3,t h e455
signal frame {x2} transmitted from RN1 will be multiplied by a 456
higher SPM weighting factor of α =0 .87, while another SPM 457IEEE
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weighting factor of β =0 .5 is used for the signal frame {x3} at 458
RN2. Hence we have: 459
E
 
γ
RN1
t
 
= E
 
|αρ1x2|2
N0
 
, (31)
where 460
E
 
|x2|2 
=1 . (32)
Therefore, it can be observed that: 461
E
 
γ
RN1
t
 
=E
 
α2|ρ1|2
N0
 
=α2E
   
 h∗
R1D
 
 2
|hR1D|
4 GR1DN0
 
=
α2
GR1DN0
E
 
1
|hR1D|
2
 
, (33)
where h obeys the Rayleigh distribution of [32]: 462
f(h)=
2h
Ω
exp
 
−
h2
Ω
 
. (34)
Note that the mean square value of h is given by Ω=1 , 463
Let Z = |h|2, then the distribution of the variable Z may be 464
expressed as [32]: 465
fZ(z)=
1
Ω
exp
 
−
z
Ω
 
. (35)
Let us denote the Cumulative Distribution Function (CDF) as 466
FZ(Γ) = Pr(Z<Γ), which can be expressed as: 467
FZ(Γ) = Pr(Z<Γ) = 1 − exp
 
−
Γ
Ω
 
, (36)
where Pr denotes probability. Upon introducing Γ  =1 /Γ,w e 468
may further express (36) as: 469
Pr(Z<Γ) = Pr
 
1
Z
>
1
Γ
 
=1− Pr
 
1
Z
< Γ 
 
. (37)
Hence, it can be observed that: 470
Pr
 
1
Z
< Γ 
 
=e x p
 
−
1
ΩΓ 
 
. (38)
If we let Θ= 1
Z, the PDF of the variable Θ may be expressed 471
as [35]: 472
fΘ(θ)=
1
Ωθ2 exp
 
−
1
Ωθ
 
. (39)
Therefore, the expectation E
 
1
|h|2
 
may be derived as: 473
E
 
1
|h|2
 
=
Θup  
Θlow
Θ
ΩΘ2 exp
 
−
1
ΩΘ
 
dΘ, (40)
where Θlow and Θup are the lower and upper limits of the 474
integration. Let us deﬁne ξ = 1
Θ, then (40) may be converted to: 475
1
Ω
1
Θlow  
1
Θup
1
ξ
exp
 
−
ξ
Ω
 
dξ=
1
Ω
 
Ei
 
−1
ΩΘup
 
−Ei
 
−1
ΩΘlow
  
,
(41)
where Ei is the Euler function: 476
Ei(u)=
∞  
−u
e−t
t
dt. (42)
Theoretically, we have |h|∈[0,+∞), which gives us 477
Θlow =0 and Θup =+ ∞. When Θlow =0 ,w em a y 478
have Ei
 
−1
ΩΘlow
 
=0 . However, if Θup =+ ∞,t h et e r m 479
Ei
 
−1
ΩΘup
 
becomes inﬁnite and we are unable to derive 480
the value of E[1/|h|2]. To resolve this dilemma, we deﬁned 481
an outage threshold, which is given by [|h|2]min =0 .03. 482
According to (35), the probability of Pr(|h|2  0.03) ≈ 0.97, 483
indicates that our system will halt its transmissions, 484
when the fading obeys |h|2 < 0.03. Hence, we may 485
have 1
Θup =[ |h|2]min =0 .03. In this situation, we have 486
E[1/|h|2]=2 .96. Hence, (33) may be expressed as: 487
E
 
γ
RN1
t
 
=
2.96α2
GR1DN0
. (43)
Note that this assumption will lead to a 3% throughput 488
reduction for the entire system. Additionally, we have: 489
E
 
γDN
r
 
= E
 
|αx2 + βx3|2
N0
 
=
1
N0
. (44)
Therefore, we ﬁnd that: 490
E
 
γ
RN1
t
 
=
2.96α2
GR1D
E
 
γDN
r
 
, (45)
which may be expressed in dB as: 491
E
 
SNR
RN1
t
 
=E
 
SNRDN
r
 
+10log10
 
2.96α2
GR1D
 
. (46)
Similarly, the relationship between SNR
RN2
t and SNRDN
r 492
m a yb ef o r m u l a t e da s : 493
E
 
SNR
RN2
t
 
=E
 
SNRDN
r
 
+10log10
 
2.96β2
GR2D
 
. (47)
Finally, SNRt may be expressed as: 494
SNRt =1 0l o g 10(γt)=1 0l o g 10
 
γSN
t + γ
RN1
t + γ
RN2
t
2
 
.
(48)
VI. SIMULATION RESULTS 495
Based on Section V, we characterized our cooperative com- 496
munications system for multiple values of the HM ratio pairs 497
(R1,R 2) for the sake of generating the power dissipation 498IEEE
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Fig.6. The3Dplotofthesimulation-basedtransmitpowerdissipationsurface
of the entire system versus the HM-64QAM ratio pair (R1,R 2).T h et w oR N s
employ SPM schemes associated with the SPM weighting pair of (α =0 .87,
β =0 .5). Explicitly, the number of iterations of the rate-1/2 TTCM decoder
is ζ =4 , the block size is η =1 2 ,000 symbols and an uncorrelated Rayleigh
fading channel is considered.
surface of the cooperative system, which is shown in Fig. 6. 499
Explicitly, 64 pairs of (R1,R 2) have been simulated, where 500
R1 is chosen from {0.5,1.0,1.5,2.0,2.5,3.0,3.5,4.0} and 501
for each R1, multiple R2 values were selected based on the 502
constraints illustrated in Section III. Given a speciﬁc HM 503
ratio pair (R1,R 2), the receive SNR required for adequately 504
receiving L1, L2 and L3, namely SNRL1
r ,S N R L2
r and SNRL3
r 505
respectively, may be derived for a target BER of 10−6.M o r e 506
speciﬁcally, the optimum position of the two RNs and the 507
optimum average transmit SNR(SNRt) of the entire system 508
may be calculated according to SNRL1
r ,S N R L2
r and SNRL3
r 509
based on the discussions in Sections IV and Section V. Hence, 510
we can compute the optimum SNRt for each of the HM ratio 511
pairs (R1,R 2), as shown in Fig. 6. The bold line marked by 512
dots in Fig. 6 illustrates the lowest power consumption point 513
for a speciﬁc HM ratio pair (R1,R 2) and the corresponding 514
data is recorded in Table I. 515
Based on the results of Fig. 6, the best performance of our 516
cooperative communication system obeying this arrangement 517
is achieved, when the HM ratio pair is given by (R1 =1 .5, 518
R2 =0 .8) and the SPM weighting factor pair is (α =0 .87,β = 519
0.5), where the optimum SNRt per TS is 6.94 dB. In this 520
situation, the positions of RN1 and RN2 are dSR1/dSD =0 .53 521
and dSR2/dSD =0 .31, where SNRSN
t is 6.81 dB, SNR
RN1
t is 522
4.01 dB and SNR
RN2
t is 4.08 dB, as shown in Table I. The 523
throughput per TS for this scheme is 3/2 × 0.97 = 1.455 bps 524
owing to the 3% throughput reduction imposed by the threshold 525
of [|h|2]min =0 .03. 526
A. EXIT Chart Analysis 527
The Extrinsic Information Transfer (EXIT) chart is capable 528
of visualizing the input/output characteristics of the constituent 529
MAP decoders in terms of the achievable average mutual infor- 530
mationtransfer[36],[37].Itmaybeusedforpredictingwhether 531
a soft decision based decoder is capable of decoding the in- 532
formation with an arbitrarily low BER based on the available 533
mutual information provided by the symbol-to-bit demapper. 534
Since we do not invoke iterations between the demapper and 535
the TTCM decoder in our symbol-based scheme, we need a 536
sufﬁciently high receive SNRr for guaranteeing that the mutual 537
information gleaned from the demapper is sufﬁciently high for 538
the decoder to attain a low BER. More speciﬁcally, the EXIT 539
curves of the HM-64QAM and SPM-16QAM demappers are 540
illustrated in Fig. 7. 541
In Fig. 7, the notation ‘Inner’ iteration represents the infor- 542
mation exchange between the demapper and decoder, while 543
‘Outer’ iteration refers to the information exchange between 544
the two components of the TTCM decoder. Since there are 545
no iterations between the demapper and the TTCM decoder, 546
we may observe in Fig. 7 that the inner curve is a straight 547
line. Speciﬁcally, the inner curve shows the mutual information 548
received by the decoder from the demapper, which is increased 549
upon increasing the receive SNR. In order to guarantee that 550
the decoder becomes capable of decoding the information with 551
an arbitrarily low BER, an open EXIT chart tunnel has to be 552
maintained between the ‘Inner’ and ‘Outer’ curves all the way 553
to the (x,y)=( 2 ,y) point, where we have x = I
(i)
A = I
(o)
E and 554
y = I
(i)
E = I
(o)
A . Note that the subscript i and o denote ‘Inner’ 555
and ‘Outer’ respectively, whilst IA and IE denote the ap r i o r i556
and extrinsic information. When the HM-64QAM ratio pair is 557
(R1 =1 .5,R2 =0 .8) and the number of TTCM iterations is 558
ζ =4 , the receive SNR required for achieving a BER of 10−6 559
for each HM layer is: SNRL1
r =6 .81 dB, SNRL2
r =1 5 .15 dB 560
and SNRL3
r =2 1 .87 dB. It also can be observed in Fig. 7 561
that there are open tunnels between the three ‘Inner’ curves 562
upon receiving triple-layer HM symbols and the ζ =4 -iteration 563
‘Outer’ curve. Note that the ‘Inner’ curve of receiving L3 of the 564
HM scheme is closer to the ‘Outer’ curve compared to the other 565
two ‘Inner’ curves of receiving L1 and L2. When L1 of the 566
HM scheme is detected at the DN, each HM-64QAM symbol 567
received will be detected as a 4QAM symbol. Similarly, L2 of 568
theHMschemewillbedetectedintheformof16QAMsymbols 569
at RN1. This HM-speciﬁc simplifying demapping assumption 570
shifts the ‘Inner’ curves corresponding to L1 and L2 upwards to 571
higher values than the ‘Inner’ curve recorded for receiving L3. 572
Hence, we infer that we can reduce the SNR required for receiv- 573
ing L1 and L2 to let the two ‘Inner’ curves to be closer to the 574
ζ =4 -iteration based ‘Outer’ curve. However, according to the 575
simulations, even though there might be an open EXIT tunnel, 576
the integrity of L1 and L2 will be degraded, if we reduce SNRr. 577
Additionally, the ‘Inner’ curves associated with receiving 578
the pre-coding based twin-layer SPM-16QAM scheme are also 579
shown in Fig. 7. In the simulations, the L2 and L3 of the triple- 580
layer HM-64QAM will be mapped to base layer and auxiliary 581
layer of the SPM symbols, respectively. It can be observed in 582
Fig. 7 that the SNRr required for achieving a BER of 10−6 for 583
both layers of our twin-layer SPM scheme can provide open 584
tunnels between the two ‘Inner’ curves and the ζ =4 -iteration 585
‘Outer’ curve. Moreover, both ‘Inner’ curves are very close to 586
the ζ =4 -iteration ‘Outer’ curve, since the DN fully detects 587IEEE
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TABLE I
THE SIMULATION BASED AVERAGE TRANSMISSION POWER SNRt PER TS OF THE HM-64QAM AND SPM BASED COOPERATIVE SYSTEM.T HE SPM
WEIGHTING PAIR IS (α =0 .87, β =0 .5), THE NUMBER OF ITERATIONS OF THE RATE-1/2 TTCM DECODER IS ζ =4 , AND THE BLOCK SIZE
η =1 2 ,000 SYMBOLS.T HE CHANNEL IS AN UNCORRELATED RAYLEIGH FADING CHANNEL
Fig. 7. The symbol based EXIT chart of our rate-1/2 TTCM aided triple-
layer HM-64QAM scheme and twin-layer SPM-16QAM scheme. The number
of iterations in the rate-1/2 TTCM decoder is from the set of ζ ∈{ 2,4,6,8}.
The HM-64QAM ratio pair is (R1 =1 .5, R2 =0 .8) and the SPM weighting
coefﬁcient pair is (α =0 .87, β =0 .5). The receive SNR required for achiev-
ing a BER of 10−6 based on simulations is denoted as SNRr. An uncorrelated
Rayleigh fading channel is considered.
the SPM-16QAM symbols for the sake of receiving the soft- 588
information of L2 and L3. We have investigated the optimum 589
number of iterations for the TTCM decoder. It can be observed 590
from Fig. 7 that increasing ζ beyond 4 only gives us a marginal 591
gain, while signiﬁcantly increasing the decoding complexity. 592
Hence we have opted for ζ =4for our design. 593
B. Imperfect CSI for Receiving Triple-Layer HM and 594
Pre-Coding Based Twin-Layer SPM 595
When considering the impact of imperfect CSI at all nodes in 596
cooperative communications, the performance of our coherent 597
scheme is expected to be degraded. To investigate the robust- 598
ness of our triple-layer coded HM-64QAM and pre-coding 599
based twin-layer coded SPM-16QAM schemes, we model the 600
CSI estimation errors by a Gaussian process superimposed on 601
each channel coefﬁcient at the two RNs and DN, where the CSI 602
estimation error variance is denoted by   σ. 603
The BER performance of receiving triple-layer coded 604
HM-64QAM recorded for diverse CSI estimation error vari- 605
Fig. 8. BER versus SNR performance of the triple-layer coded HM-64QAM
scheme with imperfect CSI, where the HM-64QAM ratio pair is (R1 =
1.5,R2 =0 .8). Explicitly, the number of iterations of the rate-1/2 TTCM
decoder is ζ =4 , the block size is η =1 2 ,000 symbols and an uncorrelated
Rayleigh fading channel is considered.
ances   σ isshowninFig.8.WecanobservethataCSIestimation 606
error of   σ =0 .01 only slightly impedes the performance of 607
receiving L1, but will cause a 2 dB SNR degradation (at a BER 608
of 10−6) for receiving L2. However, the system excessively 609
degrade L3 for   σ =0 .01. By contrast, a CSI estimation error of 610
  σ =0 .1 would impose a 5 dB SNR degradation on the perfor- 611
manceofL1,whilstthecooperativecommunicationsystemwill 612
have completely lost L2 and L3 in this situation. It is shown in 613
Fig. 8 that a CSI estimation error variance below   σ =0 .001 is 614
required for receiving L3. Hence, we ﬁnd that the robustness of 615
each layer in the HM-64QAM symbols against imperfect CSI 616
is different, where L1 is the most robust layer, while L3 has the 617
highest sensitivity to CSI errors. 618
The performance of our pre-coding based coded SPM 619
scheme associated with CSI estimation errors are shown in 620
Fig. 9. If there is CSI estimation error for the R1N (R2N) and 621
the DN link, the resultant ρ1 in (7) and ρ2 in (8) become: 622
ρ1 =
  h∗
R1D        h∗
R1D
     
2  
GR1D
, (49)
ρ2 =
  h∗
R2D        h∗
R2D
     
2  
GR2D
. (50)IEEE
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Fig. 9. BER versus SNR performance of the twin-layer coded SPM-16QAM
scheme with imperfect CSI, where the SPM-16QAM weighting pair is (α =
0.87, β =0 .5). Explicitly, the number of iterations of the rate-1/2 TTCM
decoder is ζ =4 , the block size is η =1 2 ,000 symbols and an uncorrelated
Rayleigh fading channel is considered.
Hence, the pre-coding based twin-layer coded SPM-16QAM 623
symbols received by the DN during the second TS is ex- 624
pressed as: 625
yRD =
α  h∗
R1DhR1D
   
   h∗
R1D
   
 
2 x2 +
β  h∗
R2DhR2D
   
   h∗
R2D
   
 
2 x3 + nRD. (51)
More speciﬁcally, we have: 626
  hR1D =hR1D +Δ 1, (52)
  hR2D =hR2D +Δ 2, (53)
where Δ1 is the CSI estimation error imposed on hR1D, and Δ2 627
is the CSI error contaminating hR2D. In order to simplify our 628
discussions, we assume that both Δ1 and Δ2 obey the Gaussian 629
distribution with zero mean and a variance of   σ1 =   σ2 =   σ.I t 630
can be seen from Fig. 9 that our pre-coding based twin-layer 631
coded SPM-16QAM scheme is sensitive to the CSI estimation 632
errors. Explicitly, an error ﬂoor around BER of 10−4 exists for 633
the detection of L2 and L3 of the twin-layer SPM scheme when 634
  σ =0 .001. Upon increasing the CSI estimation error variance 635
  σ, the performance of the pre-coding based coded SPM scheme 636
will be dramatically reduced. The error ﬂoor will be eliminated 637
at BER of 10−6 by employing sophisticated channel estimation 638
schemes, which could reduce   σ below a level of 10−5,a ss h o w n 639
in Fig. 9. 640
C. Comparisons With Other Systems 641
Fig. 10 compares our rate-1/2 TTCM aided triple-layer 642
HM-64QAM scheme to that of the same system but aided by 643
a rate-1/2 LDPC code [38]. It can be observed that the bit- 644
based LDPC coding scheme performs slightly worse than the 645
symbol based TTCM coding scheme, even though the number 646
of LDPC decoder iterations is much higher than that of the 647
TTCM decoder. This is because a symbol-based scheme tends 648
Fig. 10. The BER versus SNR performance of our triple-layer 64QAM
TTCHM scheme and triple-layer 64QAM LDPC scheme. The triple-layer
HM-64QAM ratio pair is (R1 =1 .5, R2 =0 .8). The block size of the decoder
of the two coding schemes is the same, which is η =1 2 ,000 symbols, the
code-rate of the two coding schemes’ encoder is 1/2. For TTCM decoder,
the iteration number is ζ =4and the maximum iteration number of LDPC
decoder is ζl =2 0 . The system communicates over uncorrelated Rayleigh
fading channel.
Fig. 11. The BER versus SNR performance of non-cooperative rate-2/3 8PSK
TTCM and the optimized scheme in [26]. The number of iterations of the
TTCM decoder in each of the three schemes is ζ =4 , the block size is
η =1 2 ,000 symbols. An uncorrelated Rayleigh fading channel is considered.
to have a lower convergence SNR than an equivalent bit-based 649
scheme, as detailed in [39]. 650
The BER performance curves of the non-cooperative rate-2/3 651
8PSK TTCM and of our scheme in [26] are shown in Fig. 11. 652
The throughputs of the two schemes are 2 bps and 1.5 bps (the 653
scheme in [26] requires 2 TSs for cooperative transmission). 654
Note that the throughput of the optimized scheme proposed in 655
this paper is 1.455 bps. By contrast, the achievable throughput 656
of the system proposed in this paper is 3 × 0.97 = 2.91 bps, 657
when the channel SNR is sufﬁciently high for the DN to detect 658
allthethreelayersoftheHMsymbolsinasingleTSwithoutthe 659
assistanceoftheRN.TheSNRSN
t requiredforachievingaBER 660
of 10−6 for the non-cooperative rate-2/3 8PSK is 13.2 dB, while 661
that of the optimized scheme in [26] is 14.8 dB. By contrast, 662
the SNRSN
t of the optimized scheme proposed in this paper is 663
6.81 dB and SNRt is 6.94 dB per TS. Additionally, the simu- 664
lation results of [13] show that in order to transmit a twin-layer 665
HM-16QAM signal with the aid of two rate-1/2 H264/AVC 666
encoders over an AWGN channel for achieving a BER of 10−6, 667IEEE
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their SNRSN
t should be higher than 14 dB, which is about 668
7.19 dB higher than that of our optimized scheme transmitting 669
a triple-layer HM-64QAM signal over uncorrelated Rayleigh 670
channels. It can be observed that the scheme optimized in 671
this paper reduced the SNRSN
t and SNRt of the cooperative 672
system. 673
VII. CONCLUSION 674
In this paper, we proposed a TTCHM aided cooperative 675
communication system. The system employed both pre-coding 676
and SPM schemes at the two RNs, as detailed in Section II. 677
The results have demonstrated that the best performance of the 678
system is achieved at a HM-64QAM ratio pair of (R1 =1 .5, 679
R2 =0 .8) and the optimum SPM ratio pair is (α =0 .87,β = 680
0.5). The optimized system requires an SNRt of 6.94 dB per 681
TS. It can be concluded that by employing HM in cooperative 682
communications, both the SNRSN
t may indeed be reduced, 683
along with the SNRt of the entire system. We note that spatial 684
modulation [40] may also be employed for further reducing the 685
transmit power dissipation of the entire system. The beneﬁt 686
of employing spatial modulation will be investigated in our 687
future work. 688
APPENDIX 689
A. Derivation of (14) 690
Before normalization, the L1 is represented as conventional 691
square 4QAM symbols, hence we may have d0 + d1 =
√
2. 692
Therefore, it can be expressed that: 693
δ1 =
d0
2
=
d0 √
2
√
2
=
d0 √
2(d0 + d1)
=
1
√
2(1 + R1)
. (54)
B. Derivation (15) 694
A ss h o w ni nF i g .3 ,w eh a v e : 695
R1 =
d1
d0
and R2 =
d3
d2
. (55)
Hence, we can write d1, d2 and d3 as: 696
d1 =d0R1 and d3 = d2R2, (56)
d1 =d3 +2 δ2 and d2 = d0 +2 δ2, (57)
It may be observed from (56) and (57) that 697
δ2 =
d1 − d3
2
=
d0R1 − d2R2
2
=
d0R1 − (d0 +2 δ2)R2
2
,
(58)
where δ2 here may be expressed as: 698
δ2 =
d0(R1 − R2)
2(1 + R2)
. (59)
Upon substituting (54) into (59) we have: 699
δ2 =
(R1 − R2)
√
2(1 + R1)(1 + R2)
. (60)
C. Restrictions on R1 700
It can be observe that: 701
R1:max =
d1max
d0min
=
√
2
0
⇒∞ , (61)
R1:min =
d1min
d0max
=
0
√
2
⇒ 0, (62)
so we have 0 <R 1 < ∞. 702
D. Restrictions on R2 703
Note that R2 is directly restricted by R1 as follows: 704
R2max =
d3max
d2min
=
d1
d0
⇒ R1. (63)
If R1 > 1, then max(δ2) → d0/2 and we have: 705
R2min =
d3min
d2max
=
d1 − d0
2d0
⇒
1
2
(R1 − 1). (64)
By contrast, if R1 < 1, then we have max(δ2) → d3/2 and 706
hence: 707
R2min =
d3min
d2max
=
0
d0 + d3
⇒ 0. (65)
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Decode-and-Forward Cooperation-Aided
Triple-Layer Turbo-Trellis-Coded
Hierarchical Modulation
1
2
3
Hua Sun, Soon Xin Ng, Senior Member, IEEE, Chen Dong, and Lajos Hanzo, Fellow, IEEE 4
Abstract—Hierarchical modulation (HM) is widely employed 5
across the telecommunication industry. The potential application 6
of the coded HM scheme in cooperative communications has 7
drawn much interest. In this paper, a twin-relay-aided triple-layer 8
cooperative communication system is proposed. The system amal- 9
gamates rate-1/2 TTCM, triple-layer HM-64QAM, and twin-layer 10
SPM-16QAM schemes in the context of cooperative communica- 11
tions. We have optimized the entire system based on the HM ratio 12
pair (R1,R 2), the superposition modulation (SPM) weighting 13
pair (α,β), and the positions of the two relays. The simulation 14
results show that our optimized system is capable of reliably 15
transmitting a triple-layer HM-64QAM signal with the aid of 16
two time slots at an average signal-to-noise ratio of 6.94 dB per 17
time slot. 18
Index Terms—Hierarchical modulation, superposition modula- 19
tion, turbo trellis-coded modulation, cooperative communication, 20
soft decoding and power efﬁciency. 21
I. INTRODUCTION 22
H
IERARCHICAL modulation (HM) constitutes an inte- 23
gral part of the DVB-T/-H standard [1], but it has also 24
been widely employed by the IT industry for upgrading diverse 25
telecommunication services [2], [3]. Compared to a system 26
using conventional modulation, the system employing HM has 27
a higher ﬂexibility, while maintaining backward compatibility. 28
Explicitly, both the original and the upgraded new services 29
may be combined by the HM scheme and broadcast to the 30
receivers without requiring any additional bandwidth. Although 31
the services is upgraded to a higher data rate, the original 32
devices are still supported by the upgraded broadcast system 33
without requiring software or hardware upgrade [4]. 34
HM has been developed for combining independent informa- 35
tion streams at bit-level layer by layer, which are then mapped 36
onto HM constellations. The information contained in different 37
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layers may also be demapped/detected separately. The general 38
performance of the HM scheme have been detailed in [5]–[8]. It 39
can be observed from the simulation results of [5], [6] that dif- 40
ferent layers in HM constellations receive different protection 41
levels. Consequently, the required received Signal-to-Noise Ra- 42
tio (SNRr) for receiving the layer with higher protection level 43
requires lower SNRr than that of the less protected layers. The 44
author of [9] employed HM in his system to provide unequal er- 45
ror protection (UEP) for the information contained in different 46
layers. It has drawn a lot of interests [10]–[15]. More speciﬁ- 47
cally, theauthors of[13],[14]invoked aHMscheme forprovid- 48
ing UEP for video and image encoding, where the information 49
bits are mapped to speciﬁc protection layers according to their 50
error-sensitivity-based priority. Moreover, the HM scheme has 51
also been combined with sophisticated channel coding schemes 52
in[13],[14],forprotectingthemostimportantinformation. The 53
simulation results of [13], [14] have shown that receiving the 54
information having the highest priority requires a lower SNRr 55
compared to conventional modulation schemes at a given target 56
BER performance. 57
A typical relay aided coded HM scheme was introduced 58
in [16], where Hausl and Hagenauer combined Turbo Coding 59
(TC) [17] with a HM scheme conceived for cooperative com- 60
munications, where the original signal sequence was broadcast 61
by the Source Node (SN) by ensuring that the layer with higher 62
protection may be received by the Destination Node (DN) 63
directly, while the less protected layer will be received and 64
retransmitted by the Relay Node (RN). However, the authors 65
of [16] only considered the speciﬁc scenario, when the position 66
of the RN is right in the middle of the SN-DN path and invoked 67
a speciﬁc bit-to-symbol mapping scheme. The performance of 68
the coded HM schemes was then further discussed in [18]– 69
[21] in the context of cooperative communications, where the 70
common choice is to employ multiple encoders at the SN and 71
combine all the coded bit sequences layer-by-layer to create a 72
HM signal sequence. Again, the less well-protected layers are 73
assisted by the RN of the cooperative network. 74
The bit-to-symbol mapping optimization of the HM scheme 75
was considered in [20], [22]. More speciﬁcally, by appropri- 76
ately designing the constellation mapping, the HM scheme 77
is capable of enhancing the protection of the higher-priority 78
information at the expense of providing a weaker protection for 79
the other layers. In [21], the speciﬁc position of the RN was 80
explicitly considered in the BER analysis. For a speciﬁc coded 81
HM scheme aided system, the receive power at the RN should 82
0090-6778 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.IEEE
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be sufﬁciently high for guaranteeing that the RN becomes 83
capable of receiving the information in the lower protected 84
layer with an acceptable integrity. Therefore, the position of the 85
RN may inﬂuence the power allocation of the entire system. 86
Several parameters have to be taken into consideration, when 87
optimizing a coded HM aided cooperative communication sys- 88
tem. On one hand, distorting the HM constellation for the 89
sake of improving the BER of its high-priority layers at the 90
detriment of its low-priority layers degrades its average BER, 91
compared to conventional modulation schemes. On the other 92
hand, sophisticated channel coding schemes, such as Trellis- 93
Coded Modulation (TCM), Turbo Trellis-Coded Modulation 94
(TTCM) and Bit-Interleaved Coded Modulation (BICM) [17], 95
[23]–[25] are required for protecting each HM layer at the 96
expense of an increased complexity. Hence, giving cognizance 97
both to the complexity and to the power efﬁciency of the 98
overall system, while maintaining its ﬂexibility becomes a 99
challenging task. 100
In [26], a cooperative communication system assisted by 101
a TTCM based HM-16QAM scheme was proposed, where 102
we proposed the optimum constellation mapping for the 103
HM-16QAM scheme in the context of single RN aided coop- 104
erative communications. However, the position of the RN was 105
ﬁxed to be right in the middle of the SN-DN path. Hence, the 106
scheme of [26] was suboptimal, because its power allocation 107
was suboptimal. Against this background, in this treatise we in- 108
trinsically amalgamate HM, Superposition Modulation (SPM) 109
[27] and TTCM for creating an attractive cooperative commu- 110
nication system. Our goal is to increase the time-efﬁciency and 111
reduce the total power consumption of the entire system, while 112
maintaining a low complexity. This cooperative communication 113
system model may be readily used for assisting multilayer 114
video transmission for example [13], [28] or for multilayer 115
image transmission [14]. We exploit the idealized simplifying 116
assumption that the system beneﬁts from perfect Channel State 117
Information (CSI), including both the fading and path-loss. 118
Hence, according to the receiver’s SNR, we are capable of 119
determining the transmission power required at the transmitter, 120
whichwedeﬁnedasthetransmitSNR(SNRt).1.Weproposeda 121
Turbo Trellis-Coded Hierarchical Modulation (TTCHM) aided 122
twin-relay based cooperative communication scheme, where 123
three rate-1/2 TTCM encoders are employed at the SN for 124
constructing a 64QAM-based triple-layer HM scheme. The 125
TTCM scheme detailed in [17] has a better performance for 126
transmission over Rayleigh fading channels than other joint 127
coding and modulation schemes, such as TCM and BICM. 128
An excellent performance can be attained by TTCM without 129
expanding the bandwidth. A rate-k/(k + 1) TTCM scheme can 130
be used for protecting a k-bit HM layer by expanding the 131
number of constellation points from 2k to 2k+1. We considered 132
k =1in this contribution. 133
Depending on the speciﬁc symbol-to-bit demapping arrange- 134
ment of the HM scheme, different HM layers have different 135
1The deﬁnition of transmit SNR was proposed in [29], which is convenient
for simplifying the discussions, although this is not a physically measurable
quantity, because it relates the power at the transmitter to the noise at the
receivers.
protections. Explicitly, the information in the higher-protection 136
layers may require a lower SNRr at the DN than that of 137
the information in the lower-protection layers. Hence, when 138
the SN transmits a multi-layer HM signal in our cooperative 139
communication network, the SNRt at the SN (SNRSN
t ) may 140
be reduced to the minimum value that can ‘just’ guarantee the 141
successful detection of the base layer (highest priority) of the 142
HM signal at the DN. By contrast, the information in the lower 143
priority layers may be received and retransmitted by the RN. 144
Since we proposed a triple-layer HM scheme, two RNs are 145
activated for retransmitting the information of the two lower 146
layers. More speciﬁcally, a linear SPM scheme is employed 147
by the two RNs for simultaneously transmitting the two signal 148
frames to the DN during the second time slot (TS). Hence, two 149
TSs are required for the transmission of all the three layers from 150
the SN to the DN. Since the transmissions between the SN and 151
RN (or RN and DN) only deal with a single 4QAM layer of 152
the triple-layer HM-64QAM signals, the decoding complexity 153
imposed on the two RNs (and DN) is reduced. Moreover, the 154
SNRt at the RN (SNRRN
t ) can also be minimized, because 155
both RNs will only retransmit using 4QAM. If only one RN is 156
available for assisting the transmissions, the RN would have to 157
detect both enhancement layers from the HM-64QAM signals. 158
The position of this RN would be near to the SN and the 159
transmission between the RN and the DN will be based on 160
16QAM modulation. This would require a high SNRt due to 161
the transmission of a higher-order modulation scheme over 162
a longer distance. Due to the ﬂexibility of HM, the lowest- 163
protection layer that contains the least important information 164
can be discarded in the adverse situation, when none of the 165
RNs is capable of detecting it. Nonetheless, the DN can still 166
receive the pair of more important layers of the HM-64QAM. 167
We found that apart from reducing the power dissipation of the 168
entiresystem,theprocessingcomplexity ofthetwin-relayaided 169
cooperative communication network may also be mitigated, 170
when an appropriate design is invoked. 171
The main contributions of this paper are as follows: 172
• A triple-layer HM-64QAM scheme is designed for aid- 173
ing a Decode-and-Forward (DF) based cooperative com- 174
munications, which involves intrinsically amalgamating 175
TTCM, HM and SPM schemes; 176
• Based on our Monte-Carlo simulations, a power-allocation 177
is conceived and it is demonstrated that the power con- 178
sumption of the entire system may be readily optimized by 179
relying on the related variables, namely by the HM-based 180
symbol-energy ratio pair (R1,R 2), by the SPM weighting 181
pair (α,β), and by the relay’s geographic position. 182
The rest of the paper is organized as follows. Section II intro- 183
duces both the system model and our cooperative communica- 184
tion strategy. The speciﬁc HM-64QAM mapping rule designed 185
for cooperative communication is detailed in Section III. The 186
protocol of the symbol-to-bit demapper of the HM symbols 187
is discussed in Section IV. The triple-layer TTCHM-64QAM 188
systemdesignisdetailedinSectionVandthesimulationresults 189
are displayed in Section VI, our conclusions and future research 190
ideas are discussed in Section VII. 191IEEE
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Fig. 1. The model of a two-relay cooperative system.
II. SYSTEM MODEL 192
Our TTCHM aided DF RN based cooperative communica- 193
tion system is illustrated in Fig. 1. During the ﬁrst transmission 194
TS, the SN will broadcast a sequence of TTCHM symbols {x1} 195
to RN1,R N 2 and DN. In the following TS, RN1 will transmit 196
a signal frame {x2} to the DN, another signal frame {x3} will 197
also be sent to the DN by the RN2 simultaneously. Again, the 198
entire system would require two TSs to convey the triple-layer 199
TTCHM-64QAM symbol based signal frame {x1} to DN. 200
We considered an uncorrelated Rayleigh ﬂat-fading channel, 201
both the transmitters and receivers were assumed to acquire 202
perfect CSI. During the ﬁrst TS, each symbol received by the 203
D Nm a yb ee x p r e s s e da s : 204
ySD =
 
GSDhSDx1 + nSD, (1)
where each of the symbols received by the RN1 and RN2 are: 205
ySR1 =
 
GSR1hSR1x1 + nSR1, (2)
ySR2 =
 
GSR2hSR2x1 + nSR2, (3)
where the subscript SD denotes the SN-DN link and the sub- 206
script SRk represents the SN − RNk link. By contrast, the 207
symbols received at the DN during the second TS, which are 208
sent by the two RNs, may be expressed as: 209
yRD = ρ1α
 
GR1DhR1Dx2 + ρ2β
 
GR2DhR2Dx3 + nRD,
(4)
where ρ1 and ρ2 are the pre-coding parameters and (α,β) is the 210
SPM ratio pair. The subscript RkD represents the RNk − DN 211
link. Additionally, the notations hSD, hSRk and hRkD denote 212
the complex-valued coefﬁcients of the uncorrelated Rayleigh 213
fading for the different links, nSD, nSRk and nRkD denote 214
the Additive White Gaussian Noise (AWGN) having a variance 215
of N0/2 per dimension. Moreover, the variables GSD, GSRk 216
and GRkD represent the Reduced-Distance-Related-Pathloss- 217
Reduction (RDRPLR) for each link, which we also refer to 218
as the path-gain [25], [29]–[31]. We consider an inverse-power 219
law based non-free-space path-loss model and naturally and we 220
deﬁne the path-loss exponent to be 3 which is usually used to 221
simulate the path-loss in urban areas [32]. The path-gain GSD 222
of the SD link is assumed to be unity. Therefore the path-gains 223
of the two SR links are: 224
GSRk =
 
dSD
dSRk
 3
, (5)
and similarly, the path-gains of the two RD links are: 225
GRkD =
 
dSD
dRkD
 3
, (6)
We assume that every node in the cooperative network has 226
perfect CSI. Hence, given a speciﬁc path-loss and a RN po- 227
sition, we may both compensate the effect of the path-loss as 228
well as that of the Rayleigh fading with the aid of transmit 229
pre-coding. Speciﬁcally, the ρ1 and ρ2 pre-coding parameters 230
should satisfy: 231
ρ1 =
h∗
R1D
|hR1D|
2  
GR1D
, (7)
ρ2 =
h∗
R2D
|hR2D|
2  
GR2D
. (8)
Hence, during the second TS, the signal received by the DN 232
may be written as: 233
yRD = αx2 + βx3 + nRD. (9)
In a realistic situation, there is always a path-loss between the 234
SN and DN, but in order to simplify the system model, we 235
normalized this path-loss to 0 dB. Hence the transmit power 236
at the SN (SNRSN
t ) would be identical to the power received 237
at the DN (SNRDN
r ). If the transmissions between the SN 238
and DN are on a frame-by-frame basis over an uncorrelated 239
Rayleigh fast fading channel, the average received SNR at DN 240
(SNRDN
r ) would be given by: 241
SNRDN
r = E
 
|h|2SNRt
 
= E
 
|h|
2
 
SNRSN
t , (10)
where the SNRSN
t is the transmit SNR deﬁned as the ratio of 242
the transmit power to the noise power at the DN: 243
SNRSN
t =
E
 
|x|2 
N0
=
1
N0
, (11)
where E(|x|2)=1 . Furthermore, the uncorrelated Rayleigh 244
fading coefﬁcient h is generated by the complex-valued Gaus- 245
sian distribution having a zero mean and a variance of one. 246
When the number of uncorrelated Rayleigh fading coefﬁcients 247
we generated is large, we have [33]: 248
E
 
|h|2 
=
1
N
N  
k=1
|hk|2 ≈ 1. (12)
Hence, for a large frame size of N symbols, we may as- 249
sume that SNRDN
r is equal to the SNRSN
t , or equivalently 250
SNRDN
r = SNRSN
t . 251
To be more speciﬁc, the information ﬂow of the entire system 252
is illustrated in the block diagram shown in Fig. 2. In our 253
system, the SN employs three rate-1/2 4QAM-TTCM encoders 254
and combines the three independent codeword sequences into 255
a HM signal stream. Thus, the signal frame {x1} is formed 256
by HM-64QAM symbols. When the transmit power at the 257
source is relatively low, the DN may opt for decoding only 258
the information from Encoder 1 during the ﬁrst TS, where the 259IEEE
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Fig. 2. The system diagram of a twin-relay HM and SPM aided cooperative system.
information contained in the other two layers would be decoded 260
and retransmitted by the RNs. In order to reduce the complexity 261
of the entire system, two RNs are activated for assisting the 262
transmissions and each of the two RNs is used for retransmit- 263
ting only one information layer of the triple-layer HM-64QAM 264
symbols. With aid of the pre-coding and SPM schemes, the two 265
RNs become capable of transmitting simultaneously. Hence, 266
the system now needs two TSs to complete its transmissions 267
between the SN and DN. More speciﬁcally, each RN will only 268
deal with a single layer of the triple-layer HM-64QAM scheme, 269
so the signal frames they transmit are all 4QAM symbol frames. 270
In this way, both the processing complexity of the entire system 271
and the transmit power of the RN is reduced. 272
III. HM AND SPM MODULATION SCHEMES 273
A. Triple Layer HM Scheme 274
Our triple-layer model of the HM-64QAM constellation seen 275
inFig. 3wasoriginallyintroduced in[26].SinceTTCMisused, 276
where the symbol-based decoder’s performance is determined 277
by the Symbol Error Rate (SER), hence set-partition based 278
mapping is invoked by the HM constellation instead of Gray 279
mapping. 280
We deﬁne the six bits in a HM-64QAM symbol as 281
(b5b4b3b2b1b0), where the base layer or ﬁrst layer (L1) is 282
occupied by (b5b4), (b3b2) belong to the second layer (L2) and 283
(b1b0) are contained in the third layer (L3). The generation rule 284
of the triple-layer HM-64QAM symbols may be expressed as: 285
SHM−64QAM = β
 
S4QAM ±
√
2δ1e± π
4 j ±
√
2δ2e± π
4 j
 
.
(13)
The parameter β is used for normalizing the average symbol 286
energy to unity, which given by β =1 /
 
1+2 δ2
1 +2 δ2
2. Fur- 287
thermore, the ratios R1 = d1/d0 and R2 = d3/d2 are deﬁned 288
for controlling the shape of the HM-64QAM constellations, as 289
shown in Fig. 3, where all the three parameters β, δ1 and δ2 will 290
be directly controlled by the HM ratio pair (R1,R 2) and their 291
relationship may be expressed as follows: 292
δ1 =
1
√
2(1 + R1)
, (14)
δ2 =
R1 − R2 √
2(1 + R1)(1 + R2)
. (15)
The constraint of the HM ratio pair (R1,R 2) in the simu- 293
lations are: 294
 
0 <R 2 <R 1 if R1 < 1
1
2(R1 − 1) <R 2 <R 1 if R1 > 1. (16)
The derivations of (14), (15) and (16) are detailed in 295
Appendices A, B, C and D respectively. The entire 296
HM-64QAM constellation point arrangement is directly con- 297
trolled by the HM ratios R1 and R2. Upon increasing the 298
value of these two HM ratios, the constellation points in each 299
quadrant would move closer to each other. Hence it is necessary 300
to have a higher receive SNR at the RN (SNRRN
r ) in order 301
to adequately detect the information contained both in L2 as 302
well as in L3, but a lower SNRDN
r is necessitated for detecting 303
the two bits in L1. Our design-goal is to ﬁnd the optimum 304
HM ratios and RN position based on a given SNRSN
t . 305
B. Twin Layer SPM Scheme 306
The twin layer SPM scheme is detailed in [34], where we 307
observe from this (9) that the reception of the signal at the DN 308
is identical to that of detecting a twin-layer linear SPM signal 309
received over AWGN channels. Note that the performance of a 310
speciﬁc modulation scheme in the AWGN channel is directly 311
determined by the Euclidean distance among the constellation 312
points. The relationship between α and β is given by [34]: 313
α2 + β2 =1 . (17)IEEE
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Fig. 3. The constellation map of the triple-layer HM-64QAM scheme, where R1 = d1/d0, R2 = d3/d2.
If we only focus our attention on the relationship between the 314
Euclidean distance dmin and α,w eh a v e : 315
dmin=
⎧
⎨
⎩
1 √
2 min
 
2
√
1−α2,2(α−
√
1−α2)
   
α≥
 
1/2
 
1 √
2 min
 
2α,2(
√
1 − α2 − α)
   
α<
 
1/2
 .
(18)
Theoretically the largest Euclidean distance is achieved, 316
when α is
 
1/5 or
 
4/5. Hence, we anticipate that the 317
best performance of an uncoded twin-layer linear SPM scheme 318
would appear when α equals to
 
1/5 or
 
4/5. However, 319
when TTCM is used, it depends on dmin of the entire TTCM 320
set partitioning scheme [17]. 321
IV. DEMAPPER AND RN POSITION 322
In [34], we have discussed the receiving of the two signal 323
frames using SPM schemes, so in this section, we only focus 324
our attention on the receiving of the triple-layer TTCHM- 325
64QAM symbols. The symbol-to-bit Demapper block of Fig. 2 326
will produce a (N × M)-element Probability Density Func- 327
tion (PDF) matrix of receiving y given x(i) transmitted. 328
x(i) is the hypothetically transmitted M-ray symbol for i ∈ 329
{0,1,···,M− 1} and the element in the matrix is p(y|x(i)), 330
which is the soft-input to the TTCM decoder, N is the number 331
of symbols in a transmission block. The general equation of 332
calculating the PDF of receiving y, given that x(i) is transmitted 333
may be expressed as: 334
p
 
y|x(i)
 
=
1
πN0
exp
⎛
⎜
⎝−
   
 y −
√
Ghx(i)
   
 
2
N0
⎞
⎟
⎠
×i ∈{ 0,1,...,M− 1}, (19)
where h is the fading coefﬁcient and G is the path-gain. 335
A. L1 Detection at DN 336
The DN of Fig. 2 will demap the HM-64QAM signal frames 337
received from the SN as 4QAM symbols for detecting the 338IEEE
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information contained in the base layer of the triple-layer 339
HM-64QAM constellation. According to the HM-64QAM gen- 340
eration rule of (13), (19) may be rewritten as: 341
p
 
ySD|x(i)
 
=
1
πN0
exp
 
−
   ySD −
√
GSDhSDx(i)   2
N0
 
×x(i) ∈
 
βejπ/4,βe j3π/4,βe j−3π/4,βe j−π/4
 
, (20)
w h e r ew eh a v ei ∈{ 0,1,2,3}. 342
B. L2 Detection at RN1 343
The information output of Encoder 2 in Fig. 2 is mapped 344
onto L2, RN1 will demap the received signal frame x1 as the 345
HM-16QAM symbols shown in Fig. 3 and will obtain the joint 346
symbol probability of L1 and L2 in the HM-64QAM symbol 347
streams for producing a (N × 16)-element PDF matrix. Then, 348
the Log Likelihood Ratio (LLR) converter 1 of Fig. 2, will 349
extract the PDF of L2 from the (N × 16)-element PDF matrix. 350
Therefore, RN1 can decode L2 even when L1 is received 351
with errors. When demapping the HM-64QAM symbol as 352
HM-16QAM, (19) may be reformulated as: 353
p
 
ySR1|x(i)
 
=
1
πN0
exp
 
−
   ySR1 −
 
GSR1hSR1x(i)   2
N0
 
×x(i) ∈
 
β
 
S4QAM ±
√
2δ1e± π
4 j
  
, (21)
where i ∈{ 0,1,···,15}. The HM-16QAM constellation 354
points of x(i) are shown as hollow circles in Fig. 3. We deﬁned 355
L
(0)
2 as the pair of bits (00) in L2, L
(1)
2 as (01), L
(2)
2 (10) and 356
ﬁnally L
(3)
2 for (11), where the corresponding generation rule is 357
given by: 358
p
 
ySR1|L
(l)
2
 
= p
 
ySR1|x(l)
 
+ p
 
ySR1|x(l+4)
 
+p
 
ySR1|x(l+8)
 
+ p
 
ySR1|x(l+12)
 
, (22)
where l ∈{ 0,1,2,3}. The input PDF matrix of Decoder 2 is 359
formulated in (22). 360
C. L3 Detection at RN2 361
RN2 requires the highest receive power, because it has to 362
convey the information of L3. In order to receive L3, RN2 has 363
to fully demap the whole HM-64QAM symbol stream. Hence 364
(19) may be represented as: 365
p
 
ySR2|x(i)
 
=
1
πN0
exp
 
−
   ySR2 −
 
GSR2hSR2x(i)   2
N0
 
×x(i) ∈
 
β
 
S4QAM ±
√
2δ1e± π
4 j ±
√
2δ2e± π
4 j
  
, (23)
where i ∈{ 0,1,···,63}.L e tL
(0)
3 denote the pair of bits (00) 366
in L3, L
(1)
3 represent (01), L
(3)
2 (10) and ﬁnally L
(3)
3 for (11). 367
Then the LLR converter 2 of Fig. 2 may produce the PDF of L3 368
according to: 369
p
 
ySR2|L
(l)
3
 
=
15  
k=0
p
 
ySR1|x(i=4k+l)
 
, (24)
where l ∈{ 0,1,2,3}.T h e(N × 4)-element PDF matrix gen- 370
erated by the LLR converter 2 is then fed to Decoder 3 of RN2, 371
as seen in Fig. 2, for detecting L3. Furthermore, we consider 372
logarithmic probabilities, so that the approximate log MAP 373
algorithm [17] may be directly employed by the decoder block. 374
D. RN Position 375
In our simulations, the same rate-1/2 encoder is employed 376
for all three SN encoders. Hence we only focus our attention on 377
the speciﬁc SNR values for achieving a BER of 10−6. Multiple 378
values of the two HM ratios R1 and R2 had been tested. At 379
a given HM constellation ratio pair (R1,R 2), the minimum 380
receive SNR required SNRL1
r for decoding L1 at the DN, 381
SNRL2
r for receive L2 at the RN1 and SNRL3
r for receiving 382
L3 at RN2 may be computed. The SNR differences among the 383
three layers are: 384
G
L1,L2
SNR =SNRL2
r − SNRL1
r [dB], (25)
G
L1,L3
SNR =SNRL3
r − SNRL1
r [dB], (26)
where, G
L1,Lj
SNR is the SNR difference between SNRL1
r and 385
SNR
Lj
r ,f o rj ∈{ 2,3}. If we set SNRSN
t to be identical to the 386
SNR required for receiving L1 from the HM-64QAM symbol, 387
namely to SNRSN
t = SNRL1
r , this would guarantee that the 388
BER of decoding L1 would reach an arbitrarily low value. In 389
this situation, if we want the BER performance of receiving 390
L2 to become sufﬁciently low, the channel gain GSR1 of the 391
SN − RN1 link should satisfy: 392
10log10 GSR1 + SNRL1
r = SNRL2
r . (27)
If we use the distance-ratio dSR1/dSD to represent the position 393
of the RN, we arrive at: 394
G
L1,L2
SNR =1 0l o g 10
 
dSD
dSR1
 3
, (28)
where G
L1,L2
SNR is given by (25) and hence we have: 395
dSR1
dSD
=1 0 −
G
L1,L2
SNR
30 . (29)
Similarly, the position of RN2 is related to: 396
dSR2
dSD
=1 0 −
G
L1,L3
SNR
30 . (30)
V. T RIPLE-LAYER TTCHM-64QAM COOPERATIVE 397
SYSTEM DESIGN 398
In practice we do not have any control over the position of 399
mobile relays, but the relay-selection algorithm would appoint 400IEEE
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Fig. 4. The BER versus SNR performance of receiving a single signal
sequence with SPM ratio α in the twin layer SPM schemes. Both of the
two signal sequences are encoded by rate-1/2 TTCM encoder. The number of
iterations of the rate-1/2 TTCM decoder is ζ =4 , the block size is η =1 2 ,000
symbols and the channel is uncorrelated Rayleigh fading channel.
a relay close to the optimum location. In this section, we will 401
optimize this practical system regarding the position of the RN, 402
as well as the HM ratio pair (R1,R 2) and the SPM weighting 403
pair (α,β). Additionally, in this investigation, the simulations 404
are carried out by IT++and the number of iterations of our 405
rate-1/2 TTCM decoder is ζ =4 , the block size is η =1 2 ,000 406
symbols. Using a large number of iterations allows the TTCM 407
decoder to more closely approach capacity and a large block 408
length assists in avoiding error propagation, but also imposes 409
an increased complexity. In the simulations, we observed that 410
no substantial BER performance improvement is achieved for 411
more than four iterations (ζ>4) or for a block size of η> 412
12,000 symbols. 413
A. Optimum SPM Ratio 414
In our simulations, the pair of signal sequences received from 415
RN1 and RN2 will be multiplied by a speciﬁc SPM ratio α or 416
β and be received by the DN simultaneously. Here, we only 417
focus our attention on the performance of receiving a single 418
signal sequence having a SPM ratio α in the simulations and 419
the related results are shown in Fig. 4(a) and Fig. 4(b). 420
From the combined signal sequences, we set the signal asso- 421
ciated with a larger SPM ratio α to be the dominant signal and 422
the signal with a smaller SPM ratio β to be the auxiliary signal. 423
Fig. 5. The SNRr versus SPM ratio performance of receiving a single signal
sequence with SPM ratio α in the twin layer SPM schemes. Both of the
two signal sequences are encoded by rate-1/2 TTCM encoder. The number
of iterations of the rate-1/2 TTCM decoder is ζ =4 , the block size is η =
12,000 symbols and the channel is uncorrelated Rayleigh fading channel.
The SNRr here is the required receive SNRr for achieving a performance of
BER =1 0 −6.
Based on the simulation results of Fig. 4(a) and Fig. 4(b), we 424
may observe that as expected, for the dominant signal, a larger 425
SPM ratio would result in a better BER performance. However, 426
for the auxiliary signal, the best BER performance appears at 427
the SPM ratio of 0.45 (
 
1/5 ≈ 0.45) or 0.5. We have found 428
from our simulations the SNRr value required for achieving 429
BER =1 0 −6 for different values of the SPM ratio α,a ss h o w n430
in Fig. 5. Note that 0.7071 (
 
1/2 ≈ 0.7071) is a bound, where 431
we have α = β =
 
1/2, which would collapse the 16-point 432
constellation to a 9-point constellation making unambiguous 433
decoding to be impossible. Fig. 5 shows that when α =0 .5,t h e434
SNRr required for receiving the auxiliary signal from the SPM- 435
16QAM signal is about 10.31 dB which is the lowest value of 436
receiving the auxiliary signal. Meanwhile, when α =0 .5,t h e437
corresponding SPM ratio β will be
√
1 − α2 ≈ 0.87, and the 438
SNRr requiredforreceivingthedominantsignalfromtheSPM- 439
16QAM signal using β =0 .87 is about 5.74 dB. Hence, based 440
on the results of Fig. 5, we ﬁnd that the optimum SPM ratio pair 441
is (α =0 .87,β =0 .5) (we assume α>βin this paper). In this 442
combination, the SNRr required for receiving the two signal 443
sequences is the lowest. Consequently, the SNRt required at the 444
two RNs would also be the lowest at the given RN positions. 445
B. SNRt of the Two RNs 446
In order to evaluate the power-efﬁciency of our cooperative 447
communications scheme, we have to calculate the average 448
SNRt(SNRt) deﬁned as the SNRt per TS. Based on the 449
statistics seen in Fig. 5, we opted for the SPM ratio pair of (α = 450
0.87,β =0 .5) and hence we have SNRDN
r =1 0 .31 dB. Next, 451
we have to ﬁnd the relationship among SNR
RN1
t ,S N R
RN2
t and 452
SNRDN
r . Let us denote the SNR by γ, which is expressed as 453
10log10(γ) in dB. Furthermore, since L2 of the triple-layer 454
HM-64QAM symbols has a higher priority than that of L3,t h e455
signal frame {x2} transmitted from RN1 will be multiplied by a 456
higher SPM weighting factor of α =0 .87, while another SPM 457IEEE
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weighting factor of β =0 .5 is used for the signal frame {x3} at 458
RN2. Hence we have: 459
E
 
γ
RN1
t
 
= E
 
|αρ1x2|2
N0
 
, (31)
where 460
E
 
|x2|2 
=1 . (32)
Therefore, it can be observed that: 461
E
 
γ
RN1
t
 
=E
 
α2|ρ1|2
N0
 
=α2E
   
 h∗
R1D
 
 2
|hR1D|
4 GR1DN0
 
=
α2
GR1DN0
E
 
1
|hR1D|
2
 
, (33)
where h obeys the Rayleigh distribution of [32]: 462
f(h)=
2h
Ω
exp
 
−
h2
Ω
 
. (34)
Note that the mean square value of h is given by Ω=1 , 463
Let Z = |h|2, then the distribution of the variable Z may be 464
expressed as [32]: 465
fZ(z)=
1
Ω
exp
 
−
z
Ω
 
. (35)
Let us denote the Cumulative Distribution Function (CDF) as 466
FZ(Γ) = Pr(Z<Γ), which can be expressed as: 467
FZ(Γ) = Pr(Z<Γ) = 1 − exp
 
−
Γ
Ω
 
, (36)
where Pr denotes probability. Upon introducing Γ  =1 /Γ,w e 468
may further express (36) as: 469
Pr(Z<Γ) = Pr
 
1
Z
>
1
Γ
 
=1− Pr
 
1
Z
< Γ 
 
. (37)
Hence, it can be observed that: 470
Pr
 
1
Z
< Γ 
 
=e x p
 
−
1
ΩΓ 
 
. (38)
If we let Θ= 1
Z, the PDF of the variable Θ may be expressed 471
as [35]: 472
fΘ(θ)=
1
Ωθ2 exp
 
−
1
Ωθ
 
. (39)
Therefore, the expectation E
 
1
|h|2
 
may be derived as: 473
E
 
1
|h|2
 
=
Θup  
Θlow
Θ
ΩΘ2 exp
 
−
1
ΩΘ
 
dΘ, (40)
where Θlow and Θup are the lower and upper limits of the 474
integration. Let us deﬁne ξ = 1
Θ, then (40) may be converted to: 475
1
Ω
1
Θlow  
1
Θup
1
ξ
exp
 
−
ξ
Ω
 
dξ=
1
Ω
 
Ei
 
−1
ΩΘup
 
−Ei
 
−1
ΩΘlow
  
,
(41)
where Ei is the Euler function: 476
Ei(u)=
∞  
−u
e−t
t
dt. (42)
Theoretically, we have |h|∈[0,+∞), which gives us 477
Θlow =0 and Θup =+ ∞. When Θlow =0 ,w em a y 478
have Ei
 
−1
ΩΘlow
 
=0 . However, if Θup =+ ∞,t h et e r m 479
Ei
 
−1
ΩΘup
 
becomes inﬁnite and we are unable to derive 480
the value of E[1/|h|2]. To resolve this dilemma, we deﬁned 481
an outage threshold, which is given by [|h|2]min =0 .03. 482
According to (35), the probability of Pr(|h|2  0.03) ≈ 0.97, 483
indicates that our system will halt its transmissions, 484
when the fading obeys |h|2 < 0.03. Hence, we may 485
have 1
Θup =[ |h|2]min =0 .03. In this situation, we have 486
E[1/|h|2]=2 .96. Hence, (33) may be expressed as: 487
E
 
γ
RN1
t
 
=
2.96α2
GR1DN0
. (43)
Note that this assumption will lead to a 3% throughput 488
reduction for the entire system. Additionally, we have: 489
E
 
γDN
r
 
= E
 
|αx2 + βx3|2
N0
 
=
1
N0
. (44)
Therefore, we ﬁnd that: 490
E
 
γ
RN1
t
 
=
2.96α2
GR1D
E
 
γDN
r
 
, (45)
which may be expressed in dB as: 491
E
 
SNR
RN1
t
 
=E
 
SNRDN
r
 
+10log10
 
2.96α2
GR1D
 
. (46)
Similarly, the relationship between SNR
RN2
t and SNRDN
r 492
m a yb ef o r m u l a t e da s : 493
E
 
SNR
RN2
t
 
=E
 
SNRDN
r
 
+10log10
 
2.96β2
GR2D
 
. (47)
Finally, SNRt may be expressed as: 494
SNRt =1 0l o g 10(γt)=1 0l o g 10
 
γSN
t + γ
RN1
t + γ
RN2
t
2
 
.
(48)
VI. SIMULATION RESULTS 495
Based on Section V, we characterized our cooperative com- 496
munications system for multiple values of the HM ratio pairs 497
(R1,R 2) for the sake of generating the power dissipation 498IEEE
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Fig.6. The3Dplotofthesimulation-basedtransmitpowerdissipationsurface
of the entire system versus the HM-64QAM ratio pair (R1,R 2).T h et w oR N s
employ SPM schemes associated with the SPM weighting pair of (α =0 .87,
β =0 .5). Explicitly, the number of iterations of the rate-1/2 TTCM decoder
is ζ =4 , the block size is η =1 2 ,000 symbols and an uncorrelated Rayleigh
fading channel is considered.
surface of the cooperative system, which is shown in Fig. 6. 499
Explicitly, 64 pairs of (R1,R 2) have been simulated, where 500
R1 is chosen from {0.5,1.0,1.5,2.0,2.5,3.0,3.5,4.0} and 501
for each R1, multiple R2 values were selected based on the 502
constraints illustrated in Section III. Given a speciﬁc HM 503
ratio pair (R1,R 2), the receive SNR required for adequately 504
receiving L1, L2 and L3, namely SNRL1
r ,S N R L2
r and SNRL3
r 505
respectively, may be derived for a target BER of 10−6.M o r e 506
speciﬁcally, the optimum position of the two RNs and the 507
optimum average transmit SNR(SNRt) of the entire system 508
may be calculated according to SNRL1
r ,S N R L2
r and SNRL3
r 509
based on the discussions in Sections IV and Section V. Hence, 510
we can compute the optimum SNRt for each of the HM ratio 511
pairs (R1,R 2), as shown in Fig. 6. The bold line marked by 512
dots in Fig. 6 illustrates the lowest power consumption point 513
for a speciﬁc HM ratio pair (R1,R 2) and the corresponding 514
data is recorded in Table I. 515
Based on the results of Fig. 6, the best performance of our 516
cooperative communication system obeying this arrangement 517
is achieved, when the HM ratio pair is given by (R1 =1 .5, 518
R2 =0 .8) and the SPM weighting factor pair is (α =0 .87,β = 519
0.5), where the optimum SNRt per TS is 6.94 dB. In this 520
situation, the positions of RN1 and RN2 are dSR1/dSD =0 .53 521
and dSR2/dSD =0 .31, where SNRSN
t is 6.81 dB, SNR
RN1
t is 522
4.01 dB and SNR
RN2
t is 4.08 dB, as shown in Table I. The 523
throughput per TS for this scheme is 3/2 × 0.97 = 1.455 bps 524
owing to the 3% throughput reduction imposed by the threshold 525
of [|h|2]min =0 .03. 526
A. EXIT Chart Analysis 527
The Extrinsic Information Transfer (EXIT) chart is capable 528
of visualizing the input/output characteristics of the constituent 529
MAP decoders in terms of the achievable average mutual infor- 530
mationtransfer[36],[37].Itmaybeusedforpredictingwhether 531
a soft decision based decoder is capable of decoding the in- 532
formation with an arbitrarily low BER based on the available 533
mutual information provided by the symbol-to-bit demapper. 534
Since we do not invoke iterations between the demapper and 535
the TTCM decoder in our symbol-based scheme, we need a 536
sufﬁciently high receive SNRr for guaranteeing that the mutual 537
information gleaned from the demapper is sufﬁciently high for 538
the decoder to attain a low BER. More speciﬁcally, the EXIT 539
curves of the HM-64QAM and SPM-16QAM demappers are 540
illustrated in Fig. 7. 541
In Fig. 7, the notation ‘Inner’ iteration represents the infor- 542
mation exchange between the demapper and decoder, while 543
‘Outer’ iteration refers to the information exchange between 544
the two components of the TTCM decoder. Since there are 545
no iterations between the demapper and the TTCM decoder, 546
we may observe in Fig. 7 that the inner curve is a straight 547
line. Speciﬁcally, the inner curve shows the mutual information 548
received by the decoder from the demapper, which is increased 549
upon increasing the receive SNR. In order to guarantee that 550
the decoder becomes capable of decoding the information with 551
an arbitrarily low BER, an open EXIT chart tunnel has to be 552
maintained between the ‘Inner’ and ‘Outer’ curves all the way 553
to the (x,y)=( 2 ,y) point, where we have x = I
(i)
A = I
(o)
E and 554
y = I
(i)
E = I
(o)
A . Note that the subscript i and o denote ‘Inner’ 555
and ‘Outer’ respectively, whilst IA and IE denote the ap r i o r i556
and extrinsic information. When the HM-64QAM ratio pair is 557
(R1 =1 .5,R2 =0 .8) and the number of TTCM iterations is 558
ζ =4 , the receive SNR required for achieving a BER of 10−6 559
for each HM layer is: SNRL1
r =6 .81 dB, SNRL2
r =1 5 .15 dB 560
and SNRL3
r =2 1 .87 dB. It also can be observed in Fig. 7 561
that there are open tunnels between the three ‘Inner’ curves 562
upon receiving triple-layer HM symbols and the ζ =4 -iteration 563
‘Outer’ curve. Note that the ‘Inner’ curve of receiving L3 of the 564
HM scheme is closer to the ‘Outer’ curve compared to the other 565
two ‘Inner’ curves of receiving L1 and L2. When L1 of the 566
HM scheme is detected at the DN, each HM-64QAM symbol 567
received will be detected as a 4QAM symbol. Similarly, L2 of 568
theHMschemewillbedetectedintheformof16QAMsymbols 569
at RN1. This HM-speciﬁc simplifying demapping assumption 570
shifts the ‘Inner’ curves corresponding to L1 and L2 upwards to 571
higher values than the ‘Inner’ curve recorded for receiving L3. 572
Hence, we infer that we can reduce the SNR required for receiv- 573
ing L1 and L2 to let the two ‘Inner’ curves to be closer to the 574
ζ =4 -iteration based ‘Outer’ curve. However, according to the 575
simulations, even though there might be an open EXIT tunnel, 576
the integrity of L1 and L2 will be degraded, if we reduce SNRr. 577
Additionally, the ‘Inner’ curves associated with receiving 578
the pre-coding based twin-layer SPM-16QAM scheme are also 579
shown in Fig. 7. In the simulations, the L2 and L3 of the triple- 580
layer HM-64QAM will be mapped to base layer and auxiliary 581
layer of the SPM symbols, respectively. It can be observed in 582
Fig. 7 that the SNRr required for achieving a BER of 10−6 for 583
both layers of our twin-layer SPM scheme can provide open 584
tunnels between the two ‘Inner’ curves and the ζ =4 -iteration 585
‘Outer’ curve. Moreover, both ‘Inner’ curves are very close to 586
the ζ =4 -iteration ‘Outer’ curve, since the DN fully detects 587IEEE
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TABLE I
THE SIMULATION BASED AVERAGE TRANSMISSION POWER SNRt PER TS OF THE HM-64QAM AND SPM BASED COOPERATIVE SYSTEM.T HE SPM
WEIGHTING PAIR IS (α =0 .87, β =0 .5), THE NUMBER OF ITERATIONS OF THE RATE-1/2 TTCM DECODER IS ζ =4 , AND THE BLOCK SIZE
η =1 2 ,000 SYMBOLS.T HE CHANNEL IS AN UNCORRELATED RAYLEIGH FADING CHANNEL
Fig. 7. The symbol based EXIT chart of our rate-1/2 TTCM aided triple-
layer HM-64QAM scheme and twin-layer SPM-16QAM scheme. The number
of iterations in the rate-1/2 TTCM decoder is from the set of ζ ∈{ 2,4,6,8}.
The HM-64QAM ratio pair is (R1 =1 .5, R2 =0 .8) and the SPM weighting
coefﬁcient pair is (α =0 .87, β =0 .5). The receive SNR required for achiev-
ing a BER of 10−6 based on simulations is denoted as SNRr. An uncorrelated
Rayleigh fading channel is considered.
the SPM-16QAM symbols for the sake of receiving the soft- 588
information of L2 and L3. We have investigated the optimum 589
number of iterations for the TTCM decoder. It can be observed 590
from Fig. 7 that increasing ζ beyond 4 only gives us a marginal 591
gain, while signiﬁcantly increasing the decoding complexity. 592
Hence we have opted for ζ =4for our design. 593
B. Imperfect CSI for Receiving Triple-Layer HM and 594
Pre-Coding Based Twin-Layer SPM 595
When considering the impact of imperfect CSI at all nodes in 596
cooperative communications, the performance of our coherent 597
scheme is expected to be degraded. To investigate the robust- 598
ness of our triple-layer coded HM-64QAM and pre-coding 599
based twin-layer coded SPM-16QAM schemes, we model the 600
CSI estimation errors by a Gaussian process superimposed on 601
each channel coefﬁcient at the two RNs and DN, where the CSI 602
estimation error variance is denoted by   σ. 603
The BER performance of receiving triple-layer coded 604
HM-64QAM recorded for diverse CSI estimation error vari- 605
Fig. 8. BER versus SNR performance of the triple-layer coded HM-64QAM
scheme with imperfect CSI, where the HM-64QAM ratio pair is (R1 =
1.5,R2 =0 .8). Explicitly, the number of iterations of the rate-1/2 TTCM
decoder is ζ =4 , the block size is η =1 2 ,000 symbols and an uncorrelated
Rayleigh fading channel is considered.
ances   σ isshowninFig.8.WecanobservethataCSIestimation 606
error of   σ =0 .01 only slightly impedes the performance of 607
receiving L1, but will cause a 2 dB SNR degradation (at a BER 608
of 10−6) for receiving L2. However, the system excessively 609
degrade L3 for   σ =0 .01. By contrast, a CSI estimation error of 610
  σ =0 .1 would impose a 5 dB SNR degradation on the perfor- 611
manceofL1,whilstthecooperativecommunicationsystemwill 612
have completely lost L2 and L3 in this situation. It is shown in 613
Fig. 8 that a CSI estimation error variance below   σ =0 .001 is 614
required for receiving L3. Hence, we ﬁnd that the robustness of 615
each layer in the HM-64QAM symbols against imperfect CSI 616
is different, where L1 is the most robust layer, while L3 has the 617
highest sensitivity to CSI errors. 618
The performance of our pre-coding based coded SPM 619
scheme associated with CSI estimation errors are shown in 620
Fig. 9. If there is CSI estimation error for the R1N (R2N) and 621
the DN link, the resultant ρ1 in (7) and ρ2 in (8) become: 622
ρ1 =
  h∗
R1D        h∗
R1D
     
2  
GR1D
, (49)
ρ2 =
  h∗
R2D        h∗
R2D
     
2  
GR2D
. (50)IEEE
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Fig. 9. BER versus SNR performance of the twin-layer coded SPM-16QAM
scheme with imperfect CSI, where the SPM-16QAM weighting pair is (α =
0.87, β =0 .5). Explicitly, the number of iterations of the rate-1/2 TTCM
decoder is ζ =4 , the block size is η =1 2 ,000 symbols and an uncorrelated
Rayleigh fading channel is considered.
Hence, the pre-coding based twin-layer coded SPM-16QAM 623
symbols received by the DN during the second TS is ex- 624
pressed as: 625
yRD =
α  h∗
R1DhR1D
   
   h∗
R1D
   
 
2 x2 +
β  h∗
R2DhR2D
   
   h∗
R2D
   
 
2 x3 + nRD. (51)
More speciﬁcally, we have: 626
  hR1D =hR1D +Δ 1, (52)
  hR2D =hR2D +Δ 2, (53)
where Δ1 is the CSI estimation error imposed on hR1D, and Δ2 627
is the CSI error contaminating hR2D. In order to simplify our 628
discussions, we assume that both Δ1 and Δ2 obey the Gaussian 629
distribution with zero mean and a variance of   σ1 =   σ2 =   σ.I t 630
can be seen from Fig. 9 that our pre-coding based twin-layer 631
coded SPM-16QAM scheme is sensitive to the CSI estimation 632
errors. Explicitly, an error ﬂoor around BER of 10−4 exists for 633
the detection of L2 and L3 of the twin-layer SPM scheme when 634
  σ =0 .001. Upon increasing the CSI estimation error variance 635
  σ, the performance of the pre-coding based coded SPM scheme 636
will be dramatically reduced. The error ﬂoor will be eliminated 637
at BER of 10−6 by employing sophisticated channel estimation 638
schemes, which could reduce   σ below a level of 10−5,a ss h o w n 639
in Fig. 9. 640
C. Comparisons With Other Systems 641
Fig. 10 compares our rate-1/2 TTCM aided triple-layer 642
HM-64QAM scheme to that of the same system but aided by 643
a rate-1/2 LDPC code [38]. It can be observed that the bit- 644
based LDPC coding scheme performs slightly worse than the 645
symbol based TTCM coding scheme, even though the number 646
of LDPC decoder iterations is much higher than that of the 647
TTCM decoder. This is because a symbol-based scheme tends 648
Fig. 10. The BER versus SNR performance of our triple-layer 64QAM
TTCHM scheme and triple-layer 64QAM LDPC scheme. The triple-layer
HM-64QAM ratio pair is (R1 =1 .5, R2 =0 .8). The block size of the decoder
of the two coding schemes is the same, which is η =1 2 ,000 symbols, the
code-rate of the two coding schemes’ encoder is 1/2. For TTCM decoder,
the iteration number is ζ =4and the maximum iteration number of LDPC
decoder is ζl =2 0 . The system communicates over uncorrelated Rayleigh
fading channel.
Fig. 11. The BER versus SNR performance of non-cooperative rate-2/3 8PSK
TTCM and the optimized scheme in [26]. The number of iterations of the
TTCM decoder in each of the three schemes is ζ =4 , the block size is
η =1 2 ,000 symbols. An uncorrelated Rayleigh fading channel is considered.
to have a lower convergence SNR than an equivalent bit-based 649
scheme, as detailed in [39]. 650
The BER performance curves of the non-cooperative rate-2/3 651
8PSK TTCM and of our scheme in [26] are shown in Fig. 11. 652
The throughputs of the two schemes are 2 bps and 1.5 bps (the 653
scheme in [26] requires 2 TSs for cooperative transmission). 654
Note that the throughput of the optimized scheme proposed in 655
this paper is 1.455 bps. By contrast, the achievable throughput 656
of the system proposed in this paper is 3 × 0.97 = 2.91 bps, 657
when the channel SNR is sufﬁciently high for the DN to detect 658
allthethreelayersoftheHMsymbolsinasingleTSwithoutthe 659
assistanceoftheRN.TheSNRSN
t requiredforachievingaBER 660
of 10−6 for the non-cooperative rate-2/3 8PSK is 13.2 dB, while 661
that of the optimized scheme in [26] is 14.8 dB. By contrast, 662
the SNRSN
t of the optimized scheme proposed in this paper is 663
6.81 dB and SNRt is 6.94 dB per TS. Additionally, the simu- 664
lation results of [13] show that in order to transmit a twin-layer 665
HM-16QAM signal with the aid of two rate-1/2 H264/AVC 666
encoders over an AWGN channel for achieving a BER of 10−6, 667IEEE
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their SNRSN
t should be higher than 14 dB, which is about 668
7.19 dB higher than that of our optimized scheme transmitting 669
a triple-layer HM-64QAM signal over uncorrelated Rayleigh 670
channels. It can be observed that the scheme optimized in 671
this paper reduced the SNRSN
t and SNRt of the cooperative 672
system. 673
VII. CONCLUSION 674
In this paper, we proposed a TTCHM aided cooperative 675
communication system. The system employed both pre-coding 676
and SPM schemes at the two RNs, as detailed in Section II. 677
The results have demonstrated that the best performance of the 678
system is achieved at a HM-64QAM ratio pair of (R1 =1 .5, 679
R2 =0 .8) and the optimum SPM ratio pair is (α =0 .87,β = 680
0.5). The optimized system requires an SNRt of 6.94 dB per 681
TS. It can be concluded that by employing HM in cooperative 682
communications, both the SNRSN
t may indeed be reduced, 683
along with the SNRt of the entire system. We note that spatial 684
modulation [40] may also be employed for further reducing the 685
transmit power dissipation of the entire system. The beneﬁt 686
of employing spatial modulation will be investigated in our 687
future work. 688
APPENDIX 689
A. Derivation of (14) 690
Before normalization, the L1 is represented as conventional 691
square 4QAM symbols, hence we may have d0 + d1 =
√
2. 692
Therefore, it can be expressed that: 693
δ1 =
d0
2
=
d0 √
2
√
2
=
d0 √
2(d0 + d1)
=
1
√
2(1 + R1)
. (54)
B. Derivation (15) 694
A ss h o w ni nF i g .3 ,w eh a v e : 695
R1 =
d1
d0
and R2 =
d3
d2
. (55)
Hence, we can write d1, d2 and d3 as: 696
d1 =d0R1 and d3 = d2R2, (56)
d1 =d3 +2 δ2 and d2 = d0 +2 δ2, (57)
It may be observed from (56) and (57) that 697
δ2 =
d1 − d3
2
=
d0R1 − d2R2
2
=
d0R1 − (d0 +2 δ2)R2
2
,
(58)
where δ2 here may be expressed as: 698
δ2 =
d0(R1 − R2)
2(1 + R2)
. (59)
Upon substituting (54) into (59) we have: 699
δ2 =
(R1 − R2)
√
2(1 + R1)(1 + R2)
. (60)
C. Restrictions on R1 700
It can be observe that: 701
R1:max =
d1max
d0min
=
√
2
0
⇒∞ , (61)
R1:min =
d1min
d0max
=
0
√
2
⇒ 0, (62)
so we have 0 <R 1 < ∞. 702
D. Restrictions on R2 703
Note that R2 is directly restricted by R1 as follows: 704
R2max =
d3max
d2min
=
d1
d0
⇒ R1. (63)
If R1 > 1, then max(δ2) → d0/2 and we have: 705
R2min =
d3min
d2max
=
d1 − d0
2d0
⇒
1
2
(R1 − 1). (64)
By contrast, if R1 < 1, then we have max(δ2) → d3/2 and 706
hence: 707
R2min =
d3min
d2max
=
0
d0 + d3
⇒ 0. (65)
REFERENCES 708
[1] C.Hellge,S.Mirta,T.Schierl,andT.Wiegand,“MobileTVwithSVCand 709
hierarchical modulation for DVB-H broadcast services,” in Proc. IEEE 710
Int. Symp. BMSB, May 2009, pp. 1–5. 711
[2] S. Wang, S. Kwon, and B. K. Yi, “On enhancing hierarchical modula- 712
tion,” in Proc. IEEE Int. Symp. Broadband Multimedia Syst. Broadcast., 713
Jun. 2008, pp. 1–6. 714
[3] R. Y. Kim and Y.-Y. Kim, “Symbol-level random network coded cooper- 715
ation with hierarchical modulation in relay communication,” IEEE Trans. 716
Consum. Electron., vol. 55, no. 3, pp. 1280–1285, Oct. 2009. 717
[4] H. Jiang and P. A. Wilford, “A hierarchical modulation for upgrading dig- 718
ital broadcast systems,” IEEE Trans. Broadcast., vol. 51, no. 2, pp. 223– 719
229, Jun. 2005. 720
[5] M. K. Chang and S. Y. Lee, “Performance analysis of cooperative com- 721
munication system with hierarchical modulation over Rayleigh fading 722
channel,” IEEE Trans. Wireless Commun., vol. 8, no. 6, pp. 2848–2852, 723
Jun. 2009. 724
[6] S. Y. Lee and K. C. Whang, “A collaborative cooperation scheme using 725
hierarchical modulation,” in Proc. IEEE 68th VTC, Sep. 2008, pp. 1–5. 726
[7] Z. Xuehua, A. Ghrayeb, and M. Hasna, “On hierarchical network coding 727
versus opportunistic user selection for two-way relay channels with asym- 728
metric data rates,” IEEE Trans. Commun., vol. 61, no. 7, pp. 2900–2910, 729
Jul. 2013. 730
[8] H. Mukhtar and M. EI-Tarhuni, “An adaptive hierarchical QAM scheme 731
for enhanced bandwidth and power utilization,” IEEE Trans. Commun., 732
vol. 60, no. 8, pp. 2275–2284, Aug. 2012. 733
[9] K. Ramchandran, A. Ortega, K. M. Uz, and M. Vetterli, “Multiresolution 734
broadcast for digital HDTV using joint source/channel coding,” IEEE J. 735
Sel. Areas Commun., vol. 11, no. 1, pp. 6–23, Jan. 1993. 736
[10] S. H. Chang, R. Minjoong, P. C. Cosman, and L. B. Mistein, “Opti- 737
mized unequal error protection using multiplexed hierarchical modula- 738
tion,” IEEE Trans. Inf. Theory, vol. 58, no. 9, pp. 5816–5840, Sep. 2012. 739
[11] Y. J. Noli, H. C. Lee, and L. Y. Lee, “Design of unequal error protec- 740
tion for MIMO-OFDM systems with hierarchical signal constellations,” 741
J. Commun. Netw., vol. 9, no. 2, pp. 167–176, Jun. 2007. 742
[12] Y. C. Chang, S. W. Lee, and R. Komiya, “A low complexity hierarchical 743
QAM symbol bits allocation algorithm for unequal error protection of 744
wireless video transmission,” IEEE Trans. Consum. Electron., vol. 55, 745
no. 3, pp. 1089–1097, Aug. 2009. 746IEEE
Proof
SUN et al.: DECODE-AND-FORWARD COOPERATION-AIDED TRIPLE-LAYER TURBO TRELLIS-CODED HM 13
[13] K.M.Alajel,W.Xiang,andY.F.Wang,“Unequalerrorprotectionscheme 747
based hierarchical 16-QAM for 3-D video transmission,” IEEE Trans. 748
Consum. Electron., vol. 58, no. 3, pp. 731–738, Aug. 2012. 749
[14] S. S. Arslan, P. C. Cosman, and L. B. Milstein, “Coded hierarchical 750
modulation for wireless progressive image transmission,” IEEE Trans. 751
Veh. Technol., vol. 60, no. 9, pp. 4299–4313, Nov. 2011. 752
[15] S. S. Arslan, P. C. Cosman, and L. B. Milstein, “On hard decision upper 753
bounds for coded M-ary hierarchical modulation,” in Proc. 45th Annu. 754
CISS, Mar. 2011, pp. 1–6. 755
[16] C. Hausl and J. Hagenauer, “Relay communication with hierarchical mod- 756
ulation,” IEEE Commun. Lett., vol. 11, no. 1, pp. 64–66, Jan. 2007. 757
[ 1 7 ]L .H a n z o ,T .H .L i e w ,B .L .Y e a p ,R .Y .S .T e e ,a n dS .X .N g ,Turbo 758
Coding, Turbo Equalisation and Space-Time Coding: EXIT-Chart-Aided 759
Near-Capacity Designs for Wireless Channels, 2nd ed. Hoboken, NJ, 760
USA: Wiley-IEEE Press, 2011. 761
[18] C. H. Choi, Y. J. Kim, and G. H. Im, “Bit-interleaved coded transmis- 762
sion with multilevel modulation for non-orthogonal cooperative systems,” 763
IEEE Trans. Commun., vol. 59, no. 1, pp. 95–105, Jan. 2011. 764
[19] Z. Y. Li, M. Peng, and W. B. Wang, “Hierarchical modulated channel 765
and network coding scheme in the multiple-access relay system,” in Proc. 766
IEEE 13th ICCT, Sep. 2011, pp. 984–988. 767
[20] J. M. Park, S. L. Kim, and J. H. Choi, “Hierarchically modulated net- 768
work coding for asymmetric two-way relay systems,” IEEE Trans. Veh. 769
Technol., vol. 59, no. 5, pp. 2179–2184, Jun. 2010. 770
[21] Z. G. Du, P. L. Hong, K. P. Xue, and J. L. Peng, “Hierarchically modulated 771
coded cooperation for relay system,” in Proc. IEEE CCNC, Jan. 2012, 772
pp. 812–816. 773
[22] D. K. Kwon, W. J. Kim, K. H. Suh, and H. Lim, “A higher data-rate 774
T-DMB system based on a hierarchical A-DPSK modulation,” IEEE 775
Trans. Broadcast., vol. 55, no. 1, pp. 42–50, Mar. 2009. 776
[23] P. Robertson and T. Worz, “Bandwidth-efﬁcient turbo trellis-coded mod- 777
ulation using punctured component codes,” IEEE J. Sel. Areas Commun., 778
vol. 16, no. 2, pp. 206–218, Feb. 1998. 779
[24] S. X. Ng, J. Y. Chung, and L. Hanzo, “Turbo-detected unequal protection 780
MPEG-4 wireless video telephony using multi-level coding, trellis coded 781
modulation and space-time trellis coding,” IEE Proc. Commun., vol. 152, 782
no. 6, pp. 1116–1124, Dec. 2005. 783
[25] S. X. Ng, C. Y. Qian, D. D. Liang, and L. Hanzo, “Adaptive turbo 784
trellis coded modulation aided distributed space-time trellis coding 785
for cooperative communications,” in Proc. IEEE 71st VTC-Spring, 786
May 2010, pp. 1–5. 787
[26] H. Sun, Y. R. Shen, S. X. Ng, and L. Hanzo, “Turbo trellis coded hier- 788
archical modulation for cooperative communications,” in Proc. WCNC, 789
Apr. 2013, pp. 2789–2794. 790
[27] S. H. Chang, R. Minijoong, P. C. Cosman, and L. B. Milstein, “Superpo- 791
sition MIMO coding for the broadcast of layered sources,” IEEE Trans. 792
Commun., vol. 59, no. 12, pp. 3240–3248, Dec. 2011. 793
[28] Y. K. Huo, M. El-Hajjar, and L. Hanzo, “Inter-layer FEC aided unequal 794
error protection for multilayer video transmission in mobile TV,” IEEE 795
Trans. Circuits Syst. Video Technol., vol. 23, no. 9, pp. 1622–1634, 796
Sep. 2013. 797
[29] H. Ochiai, P. Mitran, and V. Tarokh, “Design and analysis of collaborative 798
diversity protocols for wireless sensor networks,” in Proc. IEEE 60th 799
VTC-Fall, Sep. 2004, vol. 7, pp. 4645–4649. 800
[30] C. Xu, S. X. Ng, and L. Hanzo, “Near-capacity irregular convolutional 801
coded cooperative differential linear dispersion codes using multiplesym- 802
bol differential detection,” IEEE Signal Process. Lett., vol. 18, no. 3, 803
pp. 4645–4649, Mar. 2011. 804
[31] S. X. .Ng, Y. H. Li, and L. Hanzo, “Distributed turbo trellis coded modu- 805
lation for cooperative communications,” in Proc. ICC, Jun. 2009, pp. 1–5. 806
[32] A. Goldsmith, Wireless Communications, 1st ed. Cambridge, U.K.: 807
Cambridge Univ. Press, 2005. 808
[33] S. M. Ross, Introduction to Probability Models, 9th ed. New York, NY, 809
USA: Academic, 2007. 810
[34] H. Sun, S. X. Ng, and L. Hanzo, “Superposition coded modulation 811
for cooperative communications,” in Proc. IEEE VTC Fall, Sep. 2012, 812
pp. 1–5. 813
[35] A. Papoulis, Probability, Random Variables and Stochastic Processes, 814
4th ed. New York, NY, USA: McGraw-Hill, Jan. 2002. 815
[36] S. ten Brink, “Convergence behavior of iteratively decoded parallel con- 816
catenated codes,” IEEE Trans. Commun., vol. 49, no. 10, pp. 1727–1737, 817
Aug. 2002. 818
[37] S. X. Ng, J. Wang, and L. Hanzo, “Unveiling near-capacity code design: 819
The realization of shannon’s communication theory for MIMO channels,” 820
in Proc. IEEE ICC, May 2008, pp. 1415–1419. 821
[38] R. G. Gallager, “Low-density parity-check codes,” IRE Trans. Inf. Theory, 822
vol. 8, no. 1, pp. 21–28, Jan. 1962. 823
[39] B. Scanavino, G. Montorsi, and S. Benedetto, “Convergence properties 824
of iterative decoders working at bit and symbol level,” in Proc. IEEE 825
GLOBECOM, Nov. 2001, vol. 2, pp. 1037–1041. 826
[40] M. D. Renzo, H. Haas, A. Ghrayeb, S. Sugiura, and L. Hanzo, “Spatial 827
modulation for generalized MIMO: challenges, opportunities, implemen- 828
tation,” Proc. IEEE, vol. 102, no. 1, pp. 56–103, Jan. 2014. 829
Hua Sun received the B.Eng. degree in electron- 830
ics and information engineering from Huazhong 831
University of Science and Technology, Wuhan, 832
China, in 2009 and the M.Sc. degree (with distinc- 833
tion) in wireless communications from the Univer- 834
sity of Southampton, Southampton, U.K., in 2010. 835
He is currently working toward the Ph.D. degree 836
from the Research Group of Communications, Sig- 837
nal Processing and Control, School of Electronics 838
and Computer Science, University of Southampton, 839
Southampton, U.K. His research interests include 840
superposition modulation, hierarchical modulation, turbo trellis-coded modu- 841
lation, and cooperative communications. 842
Soon Xin Ng (S’99–M’03–SM’08) received the 843
B.Eng. degree (ﬁrst class honor) in electronics en- 844
gineering and the Ph.D. degree in wireless com- 845
munications from the University of Southampton, 846
Southampton, U.K., in 1999 and 2002, respectively. 847
From 2003 to 2006, he was a Postdoctoral Re- 848
search Fellow working on collaborative European 849
research projects known as SCOUT, NEWCOM, and 850
PHOENIX. Since August 2006, he has been with 851
the School of Electronics and Computer Science, 852
University of Southampton, where he is currently 853
an Associate Professor. He is involved in the OPTIMIX and CONCERTO 854
European projects, and the IU-ATC and UC4G projects. He is the author of over 855
180papersandisthecoauthoroftwoJohnWiley/IEEEPressbooksinthisﬁeld. 856
His research interests include adaptive coded modulation, coded modulation, 857
channel coding, space–time coding, joint source and channel coding, iterative 858
detection, OFDM, MIMO, cooperative communications, distributed coding, 859
quantum error correction codes and joint wireless-and-optical-ﬁber commu- 860
nications. He is a Chartered Engineer and a Fellow of the Higher Education 861
Academy in the U.K. 862
Chen Dong received the B.S. degree in electronic 863
information sciences and technology from the Uni- 864
versity of Science and Technology of China, Hefei, 865
China, in 2004; the M.Eng. degree in pattern recog- 866
nition and automatic equipment from the University 867
of Chinese Academy of Sciences, Beijing, China, 868
in 2007; and the Ph.D. degree from the University 869
of Southampton, Southampton, U.K. He is currently 870
a Postdoctoral Researcher with the University of 871
Southampton. His research interests include applied 872
math, relay systems, channel modeling, and cross- 873
layer optimization. He received a scholarship under the U.K.–China Scholar- 874
ships for Excellence Programme and the Best Paper Award at the 2014 Fall 875
IEEE Vehicular Technology Conference. 876IEEE
Proof
14 IEEE TRANSACTIONS ON COMMUNICATIONS
Lajos Hanzo (F’XX) received the Master’s degree AQ1 877
in electronics, the Ph.D. degree, and the Doctor 878
Honoris Causa degree from the Technical University 879
of Budapest, Budapest, Hungary, in 1976, 1983, and 880
2009, respectively. 881
During his 38-year career in telecommunications, 882
he has held various research and academic posts in 883
Hungary, Germany, and U.K. Since 1986, he has 884
been with the School of Electronics and Computer 885
Science, University of Southampton, Southampton, 886
U.K., where he is currently the Chair in telecommu- 887
nications. He is also a Chaired Professor with Tsinghua University, Beijing, 888
China. He has successfully supervised about 100 Ph.D. students, coauthored 889
20 John Wiley/IEEE Press books on mobile radio communications totalling 890
in excess of 10 000 pages, and published more than 1400 research entries at 891
IEEE Xplore. Currently, he is directing a 100-strong academic research team, 892
working on a range of research projects in the ﬁeld of wireless multimedia 893
communications sponsored by industry, the Engineering and Physical Sciences 894
Research Council (EPSRC) U.K., the European Research Council through an 895
Advanced Fellow Grant, and the Royal Society through the Wolfson Research 896
Merit Award. He is an enthusiastic supporter of industrial and academic liaison, 897
and he offers a range of industrial courses. 898
Dr. Hanzo has acted both as Technical Program Committee and General 899
Chair of IEEE conferences, presented keynote lectures, and received a number 900
of distinctions. He is also a Governor of the IEEE Vehicular Technology 901
Society. From 2008 to 2012, he was the Editor-in-Chief of the IEEE Press. His 902
research is funded by the European Research Council’s Senior Research Fellow 903
Grant. He is a Fellow of the Royal Academy of Engineering, Institution of 904
Engineering and Technology, and European Association for Signal Processing. 905IEEE
Proof
AUTHOR QUERIES
AUTHOR PLEASE ANSWER ALL QUERIES
AQ1 = Please provide IEEE membership history of author Lajos Hanzo.
END OF ALL QUERIES